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Kinetochore Regulation
Abstract
Faithful transmission of the genome requires that chromosomes are accurately segregated between
daughter cells in mitosis. Accurate chromosome segregation relies on proper specification of the site of
kinetochore formation on each chromosome, in addition to dynamic regulation of the interactions of the
kinetochore with the microtubule-based mitotic spindle. This thesis work focuses on two important
contributors to accurate chromosome segregation: 1) centromere protein A (CENP-A), the histone H3
variant which epigenetically specifies the centromere which forms the platform onto which the
kinetochore assembles and 2) the chromosomal passenger complex (CPC) which regulates kinetochoremicrotubule interactions to ensure accurate genome partitioning between cells. In the first part of this
work, we used a combination of in vitro, genomic sequencing, and novel bioinformatic approaches to
probe the nature and structure of CENP-A nucleosomes at functional human centromeres. We found that
CENP-A exists as part of a stable octameric nucleosome with loose superhelical DNA termini. CENP-A
nucleosomes are very highly phased on the α-satellite monomers at normal centromeres and are also
strongly positioned at naturally-occurring neocentromeres. In the second part of this work, we used cell
biology-based approaches to uncover a novel mechanism to regulate kinetochore-microtubule
interactions that was present only in healthy, diploid cells that had been previously overlooked in
aneuploid cells. We found that Aurora B, the enzymatic kinase of the CPC, is enriched at the misaligned
centromeres of healthy, diploid cells leading to an increased dynamic range of Aurora B substrate
phosphorylation at misaligned versus properly aligned kinetochores. These findings suggest that in
addition to Aurora B regulating kinetochore-microtubule interactions, the kinetochore also controls Aurora
B recruitment to the inner centromere. We showed that this recruitment depends on both the activity of
another mitotic kinase, Plk1, in addition to the activity of Aurora B itself. Altogether, this has led us to
update the model by which the CPC regulates kinetochore-microtubule interactions on misaligned
chromosomes. Taken together, the work presented from both parts of my thesis greatly enhance our
understanding of how the kinetochore is specified and regulated to ensure fidelity in genome
transmission during cell division.
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ABSTRACT
STRUCTURAL AND MECHANISTIC INSIGHTS INTO CENTROMERE SPECIFICATION
AND KINETOCHORE REGULATION
Kevan J. Salimian
Ben E. Black

Faithful transmission of the genome requires that chromosomes are accurately segregated between
daughter cells in mitosis. Accurate chromosome segregation relies on proper specification of the site
of kinetochore formation on each chromosome, in addition to dynamic regulation of the interactions
of the kinetochore with the microtubule-based mitotic spindle. This thesis work focuses on two
important contributors to accurate chromosome segregation: 1) centromere protein A (CENP-A),
the histone H3 variant which epigenetically specifies the centromere which forms the platform onto
which the kinetochore assembles and 2) the chromosomal passenger complex (CPC) which regulates
kinetochore-microtubule interactions to ensure accurate genome partitioning between cells. In the
first part of this work, we used a combination of in vitro, genomic sequencing, and novel bioinformatic approaches to probe the nature and structure of CENP-A nucleosomes at functional human
centromeres. We found that CENP-A exists as part of a stable octameric nucleosome with loose superhelical DNA termini. CENP-A nucleosomes are very highly phased on the α-satellite monomers
at normal centromeres and are also strongly positioned at naturally-occurring neocentromeres. In
the second part of this work, we used cell biology-based approaches to uncover a novel mechanism
to regulate kinetochore-microtubule interactions that was present only in healthy, diploid cells that
had been previously overlooked in aneuploid cells. We found that Aurora B, the enzymatic kinase of
the CPC, is enriched at the misaligned centromeres of healthy, diploid cells leading to an increased
dynamic range of Aurora B substrate phosphorylation at misaligned versus properly aligned kinetochores. These findings suggest that in addition to Aurora B regulating kinetochore-microtubule

v
interactions, the kinetochore also controls Aurora B recruitment to the inner centromere. We showed
that this recruitment depends on both the activity of another mitotic kinase, Plk1, in addition to the
activity of Aurora B itself. Altogether, this has led us to update the model by which the CPC regulates kinetochore-microtubule interactions on misaligned chromosomes. Taken together, the work
presented from both parts of my thesis greatly enhance our understanding of how the kinetochore
is specified and regulated to ensure fidelity in genome transmission during cell division.
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Chapter 1: Guardians of the Genome: The Centromere and
Chromosomal Passenger Complex

1.1

Introduction

Accurate segregation of the replicated genome during mitosis is an incredibly complex process that
ultimately requires pairs of chromosomes—called sister chromatids—to partition equally between the
resulting daughter cells. Failure to partition the genome properly leads to aneuploidy—an abnormal
number of chromosomes—which can be catastrophic to the cell. Classically, aneuploidy can lead to
birth defects such as Down syndrome, but some studies also suggest that aneuploidy can play a role
in tumorigenesis [1, 2]. As such, cells have evolved very sophisticated mechanisms to ensure that
chromosome segregation does not go awry.
The centromere is a chromosomal locus which was first described by Walther Flemming in the late
1800s as the site of primary constriction of the chromosome. Centromeres are now known to be the
site that directs the assembly of the large proteinaceous complex called the kinetochore which is the
attachment point for the microtubule-based spindle in mitosis and meiosis [3, 4]. All chromosomes
must harbor only a single centromere in order to undergo an efficient mitosis. Chromosomes that
lack a centromere or contain more than one centromere will wind up being missegregated in mitosis
leading to aneuploidy. Therefore, cells have evolved to ensure that each chromosome has only a
single centromere. Learning the mechanism of how a single centromere per chromosome is specified
and maintained is vital to our understanding of how the genome is stably propagated.
To achieve proper chromosome segregation, kinetochores assembled on each chromatid must
interact with microtubules emanating from opposite spindle poles so that the sister chromatids can
be pulled in opposite directions in anaphase. The dynamic regulation of the connections between
the kinetochore and microtubules is governed by the chromosomal passenger complex (CPC) [5].

2
The CPC acts as a surveillance system to ensure that all of the proper kinetochore-microtubule
attachments are made. If improper attachments are made, the CPC acts on its targets in an effort
to correct these attachments [6]. Ensuring that each and every kinetochore-microtubule connection
is proper is extremely important to prevent chromosome missegregation and aneuploidy.
In Chapter 1, I provide a survey of the key studies to date describing our current understanding of
two important contributors to accurate chromosome segregation: the centromere and the CPC. I will
discuss how the centromere is epigenetically specified and maintained, in addition to how it forms the
foundation of a funcational kinetochore in mitosis. Then I will focus on how the kinetochore interacts
with the microtubule-based spindle and our current view on how these kinetochore-microtubule
interactions are regulated by the CPC. In Chapters 2 and 3, as part of my thesis work I address
some open questions that had remained unanswered about how the centromere is specified and
organized, and I describe the molecular details of some additional regulatory mechanisms of the
CPC that had yet to be uncovered.

1.2

The epigenetic centromere

Centromeres were originally thought to be specified by the underlying DNA sequence. However, in
all eukaryotic species but budding yeast, this notion has lost favor [7]. Instead, the current view is
that the location of the centromere is epigenetically specified and the evolutionarily conserved mark
of centromeres is the presence of a nucleosome where the canonical histone H3 is replaced with the
histone H3 variant called CENP-A [8](Cnp1 in fission yeast [9], Cse4 in budding yeast [10], HCP-3
in worms [11], CID in flies [12], and CenH3 in plants [13]). Even though the presence of CENP-A
is conserved throughout eukaryotic evolution, other features of centromeres like its organization,
underlying DNA sequence, and mechanism of assembly and propagation are divergent between
species.

Chapter 1: Centromere and the CPC

1.2 The epigenetic centromere

3

1.2.1

The centromere is epigenetically specified

With the exception of the budding yeast centromere, centromeres are characterized by sitting on
massive stretches of repetitive satellite DNA [14]. The sequence of these satellite monomers is highly
divergent between species [15]. The near ubiquitous presence of these underlying repetitive sequences
led the original centromere biologists to postulate that these DNA sequences played a role specifying
the location of the centromere [15]. However, mounting evidence suggests that the underlying DNA
might have little to no role in specifying the centromere. Perhaps, the strongest evidence for the
dispensability of the underlying DNA sequence is the presence of naturally occurring neocentromeres
and pseudodicentric chromosomes. Neocentromeres are examples of a stochastic phenomenon when
an originally non-centromeric region of the chromosome outside of the satellite region becomes an
active centromere in the absence of any chromosomal rearrangement [16,17]. There are over 100 cases
of human neocentromeres described in the literature to date [16–20]. Pseudodicentric chromosomes
occur through DNA translocations or inversion duplications and result in a single chromosome
harboring two α-satellite-containing regions [16]. In these instances, one of the α-satellite regions is
inactivated resulting in a single stable centromere. Experiments in fission yeast and flies also argue
for the epigenetic inheritance of the centromere by the generation of neocentromeres on fragments
of chromosomes that no longer contain the original centromere locus [21,22]. Originally described in
1985 [8,23] and later purified from bovine sperm and identified as a histone H3 variant [24], CENP-A
has become the prime candidate for the epigenetic mark that specifies the location of the centromere.
In the case of neocentromeres, CENP-A vacates the inactivated centromere at the α-satellite locus
and migrates to the active centromere. In the case of pseudodicentric centromeres, CENP-A is also
absent from the silenced centromere and only resides at the functional centromere. There currently
exists little controversy that CENP-A is the mark that specifies the centromere.
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1.2.2

Centromere organization across species

The sole genetically defined centromere is in the budding yeast, S. cerevisae. In the budding yeast,
the centromere is specified by a 125 bp DNA sequence comprised of three different parts, centromere
DNA element I, II, and III (CDE I, CDE II, and CDE III) [25–27]. The highly sequence-conserved
CDE I and CDE III elements make up the boundaries of this so-called point centromere (since it is
made up of only a single Cse4-containing nucleosome [28]). CDE I recruits the Cbf1p homodimer
and CDE III recruits the CBF3 protein complex, which plays an essential role in building the
kinetochore [29–33]. CDE II is AT-rich (>90% AT) and varies widely in sequence, but the nucleotide
composition is relatively stable [25, 26].
In contrast to budding yeast, the fission yeast, S. pombe, contains centromeres that are epigenetically defined and considerably different in organization. Fission yeast centromeres are much larger
(30-100 kb in length) [34–39] but still contain a defined organizational pattern. The so-called central
domain (cnt) is the core region that is flanked by two inverted (imr) repeats and this region is found
harboring Cnp1 [9, 34, 38, 40–44]. Varying lengths of repetitive outer repeats (otr) flank the central
domain [37, 43, 45, 46]. The central domain is the site of kinetochore formation [9].
Functional fly and human centromeres are typically found on stretches of satellite repeats. In
flies, the repeats are AT-rich which are organized in discrete blocks of which the smallest monomer
repeat length is 5 bp [47, 48]. In humans, the centromeres are organized on megabase stretches of
α-satellite DNA, with the monomer repeat length of 171 bp [49]. Within the 171 bp monomer is
a 17 bp sequence termed the CENP-B box which binds a protein known as CENP-B [23, 50–52].
However, the exact role CENP-B plays is unknown since CENP-B is not found at neocentromeres
and CENP-B seems to be dispensable in mice [53,54]. Each human centromere is currently estimated
to contain ∼100-200 CENP-A nucleosomes [55]. In flies and humans, the higher order chromatin
structure at the centromere, as demonstrated by chromatin stretching experiments, was found to
contain CENP-A nucleosomes and H3 nucleosomes in interspersed blocks [56].
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1.3
1.3.1

The CENP-A nucleosome
Structural features of CENP-A

CENP-A is thought to replace the canonical histone H3 at the centromere in order to mark the
centromere. CENP-A and H3 are ∼60% homologous within their histone fold domain (HFD), but
their N-terminal tails are highly divergent [57]. In a set of classic experiments using hydrogen/deuterium exchange coupled to mass spectrometry (H/DX-MS), the CENP-A/H4 heterotetramer, along
with the CENP-A-containing nucleosome was shown to be more conformationally rigid and compact
compared to their H3 counterparts [58,59]. The so-called CENP-A targeting domain (CATD), which
contains loop 1 and the α2 helix of CENP-A was shown to impart this increased rigidity and also
to confer CENP-A the ability to target to the centromere [58, 59]. To test the importance of the
CATD, an elegant genetic experiment was conceived where the 22 non-conserved CATD residues
were substituted into H3 to create a chimeric H3CATD . This chimeric H3CATD was able to target
to centromeres and very importantly was also able to rescue RNAi-based depletion of CENP-A and
even build a functional kinetochore leading to proper chromosome segregation [60].
Other portions of CENP-A are also necessary for full centromere function. The 6 amino acids on
the carboxy terminus of CENP-A were shown to be vital in a Xenopus extract system where various
H3-CENP-A domain swap chimeras were tested for their ability to form a functional centromere that
recruited a functional kinetochore [61]. The H3CATD chimera was not sufficient to build a functional
kinetochore, whereas wild-type CENP-A was sufficient as was the H3-chimera harboring just the 6carboxy terminal amino acids from CENP-A [61]. The 6 amino acids were shown to be important in
recruiting CENP-C which in turn helps in recruiting other kinetochore proteins [61]. Most recently,
experiments in human tissue culture cells have shown that both the N- and C- terminal tails of
CENP-A play redundant roles in recruiting kinetochore proteins [55].
The first high resolution crystal structure of the human CENP-A/H4 heterotetramer was described in 2010 [62]. The 2.5 Å structure revealed three key differences between (CENP-A/H4)2
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and (H3/H4)2 that were proposed to be important for altering the chromatin CENP-A incorporates
into and thus potentially physically marking the centromere location. These differences include:
1) rotation (9-13 degrees) at the CENP-A/CENP-A interface relative to the H3/H3 interface, 2) a
protruding loop 1 that contains the opposite charge of that of H3, and 3) increased hydrophobicity
that rigidifies the CENP-A/H4 interface.
A subsequent high resolution crystal structure, this time the CENP-A nucleosome, was described
in 2011 (Fig. 1.1) and this structure confirmed many of the findings from the tetramer structure,
namely the protruding loop 1 and the increased hydrophobicity at CENP-A/H4 interface [63]. Quite
interestingly, only the central 121 bp of the 147 bp DNA was visible crystallographically and this was
reasoned to be due to transient unwrapping of the terminal DNA at the entry-exit site [63]. Consistent with this, a concurrent study investigating differences between CENP-A and H3 nucleosomal
arrays using H/DX-MS also found that the DNA at the superhelical termini was much more loosely
connected to CENP-A as opposed to H3 [64]. The propensity for unwrapping was determined to be
due to a substitution of lysine for arginine at amino acid position 49 in the αN helix [64]. Arg49
in H3 intercalates into the DNA in the entry/exit DNA allowing for stable wrapping of the nucleosome [64]. The steady-state unwrapping was determined to be 7±2 bp in CENP-A nucleosome
reconstitutions on DNA minicircles [65].
The N-terminal tail of H3 is heavily modified and the post-translational modification (PTM)
status of the nucleosome is an extremely active area of research. The PTM status of the histone
tails has been shown to have vast implications on various processes in the cell. As such, many
predict that the PTM status of the CENP-A tail will have very important implications for the
cell. So far, 4 different modifications of the tail have been described in the literature. The first
modification described was phosphorylation of serine 7 by Aurora B during mitosis [66]. However,
the impact of the modification on the cell is unknown. Ubiquitylation of CENP-A has also been
described which targets CENP-A for proteasome-mediated degradation [67–71]. This degradation
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is thought to prevent CENP-A from localizing to ectopic, non-centromeric locations. Recently,
immunopurified CENP-A complexes were subjected to mass spectrometry to identify three novel
PTMs: trimethylation of Gly1 and phosphorylation of Ser16 and Ser18 [72]. The methionine residue
on the amino-terminus is cleaved allowing for Gly1 to be methylated [72]. The phosphorylation of
both Ser16 and Ser18, which was present at both interphase and mitosis, was shown to be important
in preventing CENP-A arrays from hyperoligomerizing [72]. Given the combinatorial code of PTMs
present on other histones, it is predicted that CENP-A should possess many other modifications and
there are many current pursuits underway to try to identify them.

1.3.2

CENP-A nucleosome stoichiometry

The canonical nucleosome has been shown to be octameric: consisting of two copies each of H3,
H4, H2A, and H2B. There has been much thought for how CENP-A can be distinguished from
the canonical nucleosome to mark the centromere. One of the proposals that has emerged is that
the stoichiometry or composition of the CENP-A particle could help distinguish it from the bulk,
canonical nucleosomes. A number of groups have suggested various different forms of the CENP-A
particle, differing in histone stoichiometry, incorporation of other non-histone proteins, and changes
in the DNA wrapping characteristics (Fig. 1.2):
1) An octameric CENP-A nucleosome consisting of two copies each of CENP-A, H4, H2A, and
H2B. Several lines of evidence support this conventional CENP-A particle composition. Octameric
nucleosomes are readily reconstituted from recombinant components [58, 74]. Additionally, isolating
CENP-A-containing chromatin from tissue culture cells results in stoichiometric amounts of H2A,
H2B, H4, and CENP-A (and most importantly, two copies of CENP-A) [75, 76]. Recombinant
octameric nucleosomes exhibit left-handed DNA wrapping just as conventional nucleosomes do [62].
While it is possible for the octameric species to be heterotypic (i.e. one copy of CENP-A and one
copy of H3), the more prominent form is one that includes two copies of CENP-A [75,76], presumably
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Figure 1.1: Unique physical properties of the mammalian CENP-A-containing nucleosome. Distinguished physical properties of CENP-A nucleosome are highlighted in black
circles. Clockwise from the top left, these include transient unwrapping/flexibility of the final helical turn of DNA at each nucleosome terminus; hydrophobic stitches that rigidfy the
CENP-A/H4 interface; a bulged loop L1 that is of opposite charge as on H3 in the conventional
nucleosome; and the unstructured C-terminus that mediates recognition of CENP-A nucleosomes by CENP-C. Reproduced from [73].

Chapter 1: Centromere and the CPC

1.3 The CENP-A nucleosome

9
because CENP-A has a higher affinity for itself than H3 [77].
2) The hemisome consisting of one copy each of CENP-A, H4, H2A, and H2B. The hemisome
was first described in flies and then later in mammalian cells [78, 79]. Atomic force microscopy
(AFM) measurements of isolated CENP-A-containing chromatin revealed that it is half the height
of conventional H3-containing chromatin [78, 79]. Additionally, crosslinking experiments showed
that CID-containing structures could not be crosslinked while H3-containing structures could be in
Drosophila [79]. However, the reduced crosslinking ability in CENP-A chromatin can be attributed
to CID missing the crosslinkable lysines that are present in H3 nucleosomes [80]. The hemisome was
also described in budding yeast [81]. High resolution sequencing data showed that these hemisomes
are perfectly positioned by CDE II and wrap between 80-125 bp DNA [82, 83]. These hemisomes
are capable of inducing positive supercoils in the centromeric chromatin and as such it was postulated that induction of positive supercoils, by hemisomes and not octamers, could mark the centromere [81]. Recently, two studies (one using AFM measurements in human cells [84] and the other
using fluorescence correlation spectroscopy to count Cse4 molecules in budding yeast [85]) showed
that the hemisome was the predominant form of the CENP-A particle but the CENP-A particle
transitioned between a hemisome and an octameric species in a cell-cycle dependent manner. Most
recently, the Cse4 hemisome was reconstitued biochemically on 78 bp CDE II DNA, albeit using
quite unconventional methods [86].
3) The reversome which is an octameric CENP-A nucleosome capable of inducing positive supercoils [87]. This species was proposed as an alternative explanation for the positive supercoiling
seen in budding yeast [87]. This model has not gathered much evidence and it is implausible due to
the fact that it requires overcoming unfavorable energetic barriers.
4) The tetrasome consisting of two copies of CENP-A and H4. The evidence for the tetrasome
model stemmed from immunoprecipation experiments in budding yeast showing that H2A and H2B
weakly interact with centromeric DNA sequences [88]. Further experiments showed that H2B only
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weakly associates with centromeric DNA sequences in fission yeast as well [89].
5) The hexasome consisting of two copies of CENP-A and H4, along with two copies of the CENPA chaperone, Scm3/Holliday junction recognition protein (HJURP). The only study supporting this
model to date showed hexameric complexes could be assembled in vitro, in the absence of DNA,
using recombinant histones (CENP-A and H4) and Scm3 in place of H2A and H2B [88].
6) The trisome consisting of one copy of CENP-A and H4, along with one copy of Scm3/HJURP.
The trisome was proposed as an alternative species (as opposed to the hemisome) that might be
able to induce positive supercoiling in centromeric chromatin [81].
In Chapter 2, I describe my effort to quell this ongoing debate by identifying the composition
of the CENP-A particle which is extremely important for our fundamental understanding of how
CENP-A is able to epigenetically mark the centromere.

1.4

CENP-A through the cell cycle

CENP-A levels and deposition are regulated through the cell cycle (Fig. 1.3). During S phase, the
underlying centromeric DNA is replicated, and during this time CENP-A is equally distributed to
the daughter strands. The equal distribution of CENP-A between daughter strands was shown using
SNAP-tagged CENP-A in a fluorescence-based pulse-chase assay [90]. New CENP-A is synthesized
after the completion of S phase, in G2, with its subsequent deposition during mitotic exit and in
early G1 as shown in human cells and fly cells [76, 90–93]. This mode of CENP-A deposition is
in stark contrast to the H3 variants which are either deposited in a replication-dependent manner
(H3.1 and H3.2, [94–96]) or throughout the entire cell cycle in a replication-independent manner
(H3.3, [97]).
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Figure 1.2: Proposals for the composition of the CENP-A particle. Conflicting
evidence has emerged for the structure and composition of the CENP-A particle that marks
the location of the centromere, leading to six different proposals. Reproduced from [80].

1.5
1.5.1

CENP-A assembly onto DNA
Priming centromeric chromatin

Centromeric chromatin needs to primed or licensed to create a permissive state for deposition of
CENP-A (Fig. 1.4). This involves the association of the Mis18 complex with centromeric chromatin
during late anaphase [99]. Mis18 was first identified in fission yeast in a screen to identify mutants
that cause chromosome missegregation [100]. Both Mis18 and Mis16 mutants caused chromosome
missegregation, as a result of a reduction of centromeric CENP-A [100]. Two human homologs,
Mis18α and Mis18β, have been identified for Mis18 [99]. The human homologs of Mis16 were
identified as RbAp46/48 [99]. Immunoprecipitation of either Mis18α or Mis18β pulled down both
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Figure 1.3: Model of CENP-A-containing chromatin throughout the cell cycle in
animals. Centromeric CENP-A levels fluctuate with the cell cycle. Prior to S phase, CENPA is fully loaded at the centromere, but upon replication, the number of CENP-A molecules
present on each daughter strand are reduced to half per centromere due to the fact that no
new CENP-A is added. During G2, new CENP-A is synthesized and assembles in a soluble
prenucleosomal complex with its binding partner H4 and its chaperone HJURP, but is not
loaded onto centromeres until G1. As a result, cells progress with half-loaded centromeres
through mitosis, until late anaphase/telophase when CENP-A is deposited by HJURP to restore
CENP-A levels. Reproduced from [98].
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RbAp46 and RbAp48, along with a third protein called Mis18BP1 [99]. KNL2, the C. elegans
homolog of Mis18BP1 was subsequently found to be required for CENP-A localization [101]. All
together, the complex of Mis18α, Mis18β, Mis18BP1, RbAp46/48 are termed the Mis18 complex. A
series of RNAi-based experiments demonstrated that these proteins making up the Mis18 complex
are essential for localization of CENP-A [99, 100]. However, the mechanistic details for how the
Mis18 complex communicates with CENP-A remain elusive.

1.5.2

Assembling centromic chromatin

HJURP (or its orthologue Scm3 in fungi), is the assembly factor for CENP-A as it is both necessary
and sufficient for deposition of newly synthesized CENP-A (Fig. 1.4) [102–104]. HJURP, along with
CENP-A and H4, form a so-called prenucleosomal complex. This prenucleosomal complex localizes
to centromeres in G1 and is dependent on the localization of Mis18α/β in late anaphase in humans,
frogs, and fission yeast [89, 103–106]. In budding yeast, there exists no Mis18 homolog and Scm3
binds AT-rich DNA, which might serve as the mechanism for recruitment [107]. In fact, Scm3
remains associated with the centromere throughout the cell cycle in budding yeast [107]. The first
80 amino acids of HJURP are the only region that shows any detectable homology to Scm3 and is the
domain that interacts with CENP-A [108]. Recent studies have identified that HJURP recognizes
CENP-A via surface-exposed residues within the CATD [109–112]. Cyclin-dependent kinase (Cdk)1
and Cdk2 have been shown to be important in the timing of CENP-A assembly in late mitosis/early
G1. CENP-A cannot load while the Cdk activity levels are high from late G1 through G2, but once
Cdk activity declines after anaphase onset, the Mis18 complex can associate with the centromere
allowing for CENP-A assembly by HJURP [113].

1.5.3

Maturing centromeric chromatin

CENP-A nucleosomes are not fully stable after deposition by HJURP, rather they need to undergo
a maturation process in order to achieve full stability (Fig. 1.4). This maturation process is de-

Chapter 1: Centromere and the CPC

1.5 CENP-A assembly onto DNA

14
pendent on the Remodeling and Spacing Factor (RSF) complex and GTP cycling. In mid G1, the
RSF complex associates with the centromere and acts to help stabilize newly deposited CENP-A
nucleosomes [114]. How RSF stabilizes CENP-A nucleosomes is not well understood. MgcRacGAP,
a GTPase-activating protein from the Rho family, is proposed to function along with the guanine
nucleotide exchange factor ECT2 and the GTPase Cdc42 in a GTPase cycle that is required to
maintain CENP-A [115]. The mechanism of this GTP cycle is also poorly understood.

1.6

A platform for the kinetochore

The centromere serves as a connection point between the chromosome and the kinetochore (Fig. 1.5).
As the initial connection point, short stretches of CENP-A-containing nucleosomes at each centromere seem to coalesce together in three dimensional space and many different proposals have
been suggested for the geometry of the centromeric chromatin [56, 116–118]. Branching off this
initial connection point is the constitutive centromere associated network (CCAN), a complex of
16 proteins that form the inner kinetochore [75, 119, 120]. Of the CCAN components, two of them
are proposed to be readers of centromeric chromatin: CENP-C and CENP-N [121, 122]. As mentioned above, CENP-C binds the C-terminus of CENP-A and is proposed to act as a bridge between
CENP-A and other centromeric proteins [61, 121]. CENP-N interacts with CENP-A and this interaction is mediated by the CATD [122]. A subset of the CCAN proteins (CENP T/W/S/X) contain
a histone fold domain and form a heterotetrameric complex together [123]. This heterotetramer is
thought to be found interspersed between CENP-A domains and is believed to interact with H3 nucleosomes [116, 119]. As such, it is thought that the CENP-T/W/S/X tetramer could help facilitate
the coupling of H3 domains to the kinetochore [116, 119].
Ultimately, the interaction network generated between CENP-A and the CCAN proteins is likely
to serve as the bridge between the centromere and the kinetochore. In fact, there are a few examples of CCAN proteins interacting with the kinetochore. The microtubule binding complex of the
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Figure 1.4: Model of new CENP-A deposition and maturation during G1 in animals. During mitotic exit, centromeric chromatin is not competent for CENP-A loading
until Mis18 and Mis18BP1 license centromeric chromatin. Two separate CENP-A/H4/HJURP
trimers are shown depositing a single CENP-A-containing particle at the centromere. In
mid/late G1, the RSF complex accumulates at centromeres and is implicated in stabilizing
new CENP-A, as are MgcRacGAP, ECT2, and Cdc42, which are proposed to further stabilize
the newly deposited pool of CENP-A nucleosomes. Reproduced from [98].
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kinetochore is the so-called KMN network consisting of KNL-1, the Mis12 complex, and the Ndc80
complex. CENP-C has been shown to recruit the Mis12 complex [124–126]. CENP-T interacts
with the Ndc80 complex [127–129]. Finally, the CENP-H/I/K complex directly binds KNL1 to help
facilitate kinetochore formation [127]. Perhaps, the most compelling evidence that the CCAN builds
the platform for the kinetochore is the fact that tethering LacI-tagged CENP-C and CENP-T to
LacO repeats at a non-centromeric locus is sufficient to build a functional kinetochore [128].

Figure 1.5: Architecture of the vertebrate kinetochore. The vertebrate kinetochore is
assembled during mitosis on large chromatin blocks containing CENP-A nucleosomes that are
interspersed among H3 nucleosomes. The CCAN proteins at the inner kinetochore associate
with CENP-A nucleosomes and form a connection point with the KMN network of the outer
kinetochore. The dynamic microtubule interacts with the KMN network to form kinetochoremicrotubule attachments. Located at the inner centromere, the CPC phosphorylates targets
on the KMN network to ensure proper kinetochore-microtubule attachments. Reproduced from
[130].

1.7

Kinetochore-microtubule interactions

Chromosome segregation is carried out by the mitotic spindle which is composed of two spindle poles
and microtubules which form the attachments between the spindle poles and the chromosomes. As
mentioned above, the kinetochores serve as the connection point for microtubules. Dynamic regulation of kinetochore-microtubule interactions is absolutely essential to ensure that all chromosomes
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are segregated equally at anaphase.

1.7.1

Structure and composition of kinetochores

Electron micrographs of vertebrate kinetochores resemble trilaminar plates consisting of electron
dense inner and outer plates and an electron lucent middle layer [131]. In the unbound state, the
outer kinetochore breaths outwards forming the fibrous corona [132]. Microtubules—cylindrical
structures consisting of 13 protofilaments of α- and β-tubulin heterodimers (reviewed in [133])—
penetrate the outer kinetochore region upon binding the kinetochore. Budding yeast kinetochores
bind a single microtubule [134, 135]; however, human kinetochores capture 15-30 microtubules [136,
137].
Many experiments have been conducted to determine the molecular composition of the kinetochore, with the most imformative ones being immunofluorescence microscopy-based or proteomicbased. To date, close to 100 proteins have been identified as part of the kinetochore (reviewed
in [138]). Many of the kinetochore proteins between budding yeast and metazoan cells are conserved, which has led to the proposal known as the repeat subunit model [56, 118, 139]. This model
suggests that kinetochores of higher eukaryotes are composed of repeating units of a structure that
resembles the budding yeast kinetochore. The inner kinetochore is composed of the CCAN proteins, as described above. The business end of the outer kinetochore is the KMN network which
facilitates microtubule binding (Fig. 1.5) [140–148]. Mis12 was originally discovered in a genetic
screen in fission yeast and C. elegans and its human homologue was discovered by doing a homology
search [140, 149]. Epitope-tagging Mis12 and immunopurifying its associated proteins pulled down
three other proteins in the Mis12 complex: Nsl1, Nnf, and Dsn1 [140, 145]. The Mis12 complex
was also shown to interact with Knl1 and the Ndc80 complex (consisting of Ndc80, Nuf2, Spc24,
and Spc25) [140,145]. Concurrent studies demonstrated that Knl1 and Ndc80 bind to microtubules,
while Mis12 enhances their microtubule binding affinity [150, 151]. Knocking out the microtubule
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binding components of the KMN network by RNAi prevents load-bearing kinetochore-microtubule
attachments [140, 141, 150–158].

1.7.2

Initial kinetochore-microtubule attachments

How have cells evolved to make kinetochore microtubule attachments so efficiently? Microtubules
need to bind each kinetochore during a very short time period (a 10-20 minute window from nuclear
envelope breakdown at the beginning of mitosis to metaphase). Efficient attachments rely on the
search and capture model with the help of a RanGTPase system as well as kinetochore-derived
microtubules (reviewed in [159]). The search and capture model depends on the intrinsic property
of microtubules to spontaneously undergo cycles of growing and shrinking called dynamic instability [160]. This dynamic instability increases the chances that microtubules will capture a kinetochore
which in turn aids in spindle formation. The dynamics of microtubule shrinkage and growth are
governed by pro-polymerization plus-end tracking proteins (i.e. EB1) or pro-microtubule depolymerizing kinesins (i.e. MCAK) [161]. Mathematical modeling has shown that the search and capture
model alone is not sufficient to explain the kinetochore capture efficiency [162, 163]. A RanGTPase
is thought to also contribute to efficient kinetochore-microtubule attachments. In mitosis, RanGTP
is enriched on chromatin and this facilities the release of certain spindle assembly factors, thus promoting microtubule formation. An in vitro study in Xenopus egg extracts showed that a RanGTP
gradient around chromosomes in mitosis promotes microtubule growth in the direction of chromosomes, thus facilitating kinetochore-microtubule attachments [164]. Finally, kinetochores can aid in
the process by nucleating microtubules [165–169].

1.7.3

A bioriented spindle with proper attachments

In addition to making the initial kinetochore-microtubule attachments, the spindle must be bioriented. This means that all the microtubules that bind to a kinetochore must originate from a
single spindle pole and very importantly, microtubules that bind its sister kinetochore must originate
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from the opposite spindle pole. The process of bi-orientation is facilitated by the back-to-back
geometry of sister kinetochores [170]. In addition to proper, amphitelic attachments, a number
of other improper connections can be made (Fig. 1.6). A kinetochore bound to one spindle pole
while its sister kinetochore is not bound to any pole is termed a monotelic attachment. A syntelic
attachment occurs when both sister kinetochores are bound by only a single pole. A merotelic
attachment describes the situation when a kinetochore is bound by microtubules from both spindle
poles. The presence of an improper attachment activates the spindle assembly checkpoint (reviewed
in [4]) which delays the separation of the sister chromatids in anaphase and mitotic exit.

Figure 1.6: Correct and incorrect kinetochore-microtubule attachments. i) Correct, amphitelic (bipolar) attachment. ii-iv) Incorrect attachments; ii) monotelic monopolar
attachment, iii) syntelic monopolar attachment, iv) merotelic bipolar attachment. Reproduced
from [159].

Exactly how improper kinetochore-attachments are recognized and subsequently repaired has
been a burning question for decades. Pioneering work in grasshopper spermatocytes using micromanipulation with a glass microneedle showed that tension exerted across the centromere was the
force necessary to stabilize and maintain proper kinetochore-microtubule attachments [171, 172].
This work was later extended to budding yeast to demonstrate that tension is a key factor [173].
Indeed, once chromosomes are properly bi-oriented, tension is established across the centromere by
Chapter 1: Centromere and the CPC

1.7 Kinetochore-microtubule interactions

20
the microtubules pulling on the sister kinetochores. In the case of improper attachments, that are
not correctly bi-oriented, tension is absent across the centromere and a cascade of events is triggered
(described in subsequent sections) to correct these attachment errors and establish bi-orientation.

1.7.4

The Chromosomal Passenger Complex

The chromosomal passenger hypothesis was born in the early 1990s and it described the proposal that
a set of proteins which localized to chromosomes during early mitosis might be able to coordinate
various mitotic events, including chromosome segregation [174]. This proposal was set forth after the
finding that inner centromere protein (INCENP), the first passenger protein discovered [175], formed
a complex with Aurora B kinase, which was found to be essential for accurate cell division [176,177].
Since then, active research endeavors have exploded in an effort to uncover how the chromosomal
passenger complex (now known to be composed of Aurora B, INCENP, Survivin, and Borealin [5])
can help coordinate accurate chromosome segregation.
Localization of CPC throughout mitosis
The CPC has a very distinct localization pattern throughout mitosis (Fig. 1.7). Upon entering
mitosis, the CPC is localized to both chromosome arms in addition to the inner centromere, between
the two sister kinetochores. Early in mitosis, the CPC plays a role in chromosome condensation.
As the cell cycle progresses to metaphase, the CPC is displaced from the chromosome arms and
is mainly found at inner centromeres. From prometaphase to anaphase onset, the CPC exerts
its control over microtubule-kinetochore dynamics, in addition to recruiting proteins that are part
of mitotic checkpoint signaling. After separation of sister chromatids during anaphase, the CPC
dissociates from the inner centromere and relocates to the spindle midzone where it has a role in
cleavage furrow ingression and cytokinesis [178]. The rest of this chapter and my dissertation will
focus on the role the CPC plays from prometaphase to anaphase onset.
The inner centromeric localization of the CPC is not DNA sequence dependent [53], rather
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it is dependent on two phospho-histone marks: H3T3ph placed by Haspin kinase [179–182], and
H2AT120ph (in humans) or H2AT121ph (in fission yeast) placed by Bub1 kinase [182–184]. These
marks work synergistically, as the overlap of these marks produces maximal concentration of the CPC
at the inner centromere [182]. The H3T3ph mark is recognized by Survivin and the structural basis of
this recognition has been determined [185]. Shugoshins Sgo1 and Sgo2 are recruited to H2AT120ph
and the shugoshins interact with borealin that has been phosphorylated by Cdk1 [183,186]; however,
the structural basis for this interaction has not been uncovered.
The activity of Aurora B kinase is required as part of a number of feedback loops to efficiently
localize the CPC to the inner centromere. Aurora B activity plays a role in recruitment of Shugoshin
proteins which are required to recruit the CPC through the Bub1-H2AT120ph-Borealin axis [187–
190]. Aurora B forms a positive feedback loop with Haspin to promote CPC accumulation at
centromeres [191]. Removal of the CPC from chromosome arms and concentration at the inner
centromere is also mediated by Aurora B-mediated phosphorylation [192].
Aurora B-mediated error correction
Accurate chromosome segregation requires kinetochores to establish proper bi-oriented connections
to spindle microtubules. As mentioned above, the initial experiments by Nicklas in grasshopper
spermatocytes [171] laid the foundation for the notion that tension across the kinetochore stabilizes
the correct kinetochore-microtubule attachments. Aurora B is required to regulate the incorrect
microtubule attachments that would exhibit a lack of tension. The first clue in the identification of
Aurora B as the regulator came from a screen in budding yeast which identified the Ipl1 kinase (the
yeast homologue of Aurora B) [193]. Further experiments in budding yeast demonstrated that Ipl1
was required for proper chromosome segregation and that phosphorylation of kinetochore targets
was required to regulate microtubule attachments [194–197]. Since the discovery of Ipl1, various
Aurora B homologs have been described in diverse species including fission yeast, flies, worms, mice,
rats, and humans [198].
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Figure 1.7: CPC localization during mitosis. Indirect immunofluorescence (panels AaDa) and schematic representation (panels Ab-Db) of Aurora B localization (green) in HeLa cells
during mitosis together with kinetochores (pink), microtubules (red) and DNA (blue). Scale
bar represents 5 µm. Reproduced from [178].

Inhibiting Aurora B activity leads to the stabilization of incorrect attachments [199–201], and in
an elegant experiment where Aurora B inhibition is relieved by washing out the inhibitor, the incorrect attachments are selectively destabilized [202]. Aurora B exerts its influence on microtubule
interactions with the KMN network. Kinetochore-microtubule attachment is mediated through
electrostatic interactions between the N-terminal tail of Ndc80 and the C-terminal tail of tubulin [151, 203–206]. To weaken this interaction, Aurora B phosphorylates the Ndc80 tail at multiple
sites. Indeed, phosphorylation of the Ndc80 tail by Aurora B in vitro leads to reduced microtubule binding affinity [150,151,203,207,208]. As expected, non-phosphorylatable mutants of Ndc80
stabilize improper attachments [151, 208], whereas Ndc80 phosphomimetic mutants prevent stable
attachments from being made [209]. Aurora B can additionally phosphorylate components of the
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KNL1 and Mis12 complexes to further regulate the microtubule binding affinity of Ndc80 [210].
In yeast, the Dam1 complex helps the KMN network to form load bearing attachments via interactions with Ndc80 [211]. Aurora B-mediated phosphorylation of the Dam1 complex disrupts
interactions between Dam1 and Ndc80 [195, 212]. In humans, Aurora B negatively regulates the
spindle and kinetochore-associated (SKA) complex [213]. Aurora B also affects the localization and
activity of mitotic centromere associated kinesin (MCAK) which is a known microtubule depolymerase. Aurora B-mediated phosphorylation recruits MCAK to the inner centromere via interactions
with Sgo2 [214–217]; however, it also leads to a reduction in the ability of MCAK to depolymerize
microtubules [214–218]. Exactly why MCAK is enriched at the inner centromere yet its activity is
reduced is still under investigation.
The mechanism by which Aurora B senses tension has been a subject of intense debate and a
number of different models have been proposed (for a detailed review see [6]). The model that has
emerged with the most supporting evidence is the spatial separation model (Fig. 1.8). This model
suggests that the force exerted across sister kinetochores during a proper attachment separates
Aurora B at the inner centromere from its distant substrates at the outer kinetochore [197,214,219].
In the presence of incorrect attachments, Aurora B will be in close promixity to its outer kinetochore
targets and can phosphorylate those targets to destabilize the improper attachments. Evidence from
experiments using a fluorescence resonance energy transfer (FRET)-based biosensor of Aurora B
activity bolstered the spatial separation model argument [220]. When placing the FRET biosensor
in close proximity to Aurora B at the inner centromere, the biosensor is constitutively phosphorylated
regardless of the whether the kinetochore was under tension. However, when the biosensor is placed
at the outer kinetochore under high tension, it is dephosphorylated [220]. This phenomenon is not
exclusive to the FRET-based reporter but also common to the endogenous substrates present at outer
kinetochores [210, 221]. Artificially placing Aurora B at the outer kinetochore results in constitutive
phosphorylation of the FRET biosensor even when kinetochores were properly bioriented [220].
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Finally, Aurora B creates a phosphorylation gradient based on diffusion [222]. Most recently, a
study challenged the spatial separation model by demonstrating that inner centromeric localization
of the CPC is not necessary for proper biorientation in budding yeast [223]. Rather, the clustering
of Ipl1 on chromatin or on microtubules seemed to be sufficient to achieve proper chromosome
biorientation. However, the relevance of these findings in the context of human cells has not been
determined.
Regulating Aurora B activity
Since Aurora B has such a powerful role in regulating kinetochore-microtuble attachments, its kinase
activity must be exquisitely regulated. The first layer of regulation is that Aurora B itself must be
activated before it can effectively regulate attachments. To augment its activity, Aurora B must
autoactivate itself by phosphorylation of itself on Thr232 in the T-loop of its kinase domain, and it
must bind the IN box and phosphorylate the C-terminal TSS motif in INCENP [224–226]. These
phosphorylation events are likely to occur in trans [226]. Associating with microtubules or clustering
Aurora B has also been shown to stimulate its activity [222, 227–230]. Chk1 phosphorylation of
Aurora B on Ser331 is required for full Aurora B activity [231]. Plk1 dependent phosphorylation of
Survivin is also thought to be required for full activity of Aurora B [232].
Activity of Aurora B at kinetochores is also regulated by counteracting phosphatases. To date,
two opposing phosphatases have been described, PP1 and PP2A. PP1 is recruited to the kinetochores
by KNL1 in an effort to counterbalance Aurora B. Phosphorylation of KNL1 by Aurora B disrupts
PP1 binding, suggesting that Aurora B can regulate levels of the counteracting phosphatase at the
kinetochore [233]. B56-PP2A levels are enriched in the absence of proper microtubule attachments
and PP2A acts to counterbalance Aurora B so the initial microtubule attachments can be made [234].
This suggests that PP1 and PP2A work sequentially to fine-tune phosphorylation levels during the
process of creating proper microtubule attachments.
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Figure 1.8: Model for tension sensing by spatial sepration of Aurora B from kinetochore substrates. (a) Cartoon depiction of a spindle with correctly bi-oriented chromosomes (1) and incorrect kinetochore-microtubule attachments including a syntelically attached
chromosome (2) or an unattached chromosome (3). (b and c) A phosphorylation gradient is
generated by concentration of Aurora B at the inner centromere. Aurora B sites within the
KMN network are phosphorylated owing to their position within this gradient (red) at incorrect
attachments, where tension is low, which destabilizes kinetochore microtubules (b). These substrates are dephosphorylated at correct attachments, where tension is high, because they are
positioned farther from the kinase (c). Recruitment of PP1 to the outer kinetochore provides
a counteracting gradient of dephosphorylation (green). (d) Model for how a phosphorylation
gradient might be generated. Aurora B is activated (dark red circles) at the inner centromere
by autophosphorylation, both of Aurora B and INCENP, followed by release and inactivation
(lighter circles) by dephosphorylation as Aurora B diffuses away from the inner centromere.
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1.8

Summary

The centromere forms the platform for the kinetochore and specification of the location of the centromere and thus the kinetochore is extremely important for accurate segregation of chromosomes
during mitosis. The presence of particles containing CENP-A has been shown to epigenetically
specify the location of the centromere. However, many questions remain unanswered about the nature and structure of the CENP-A particle and centromeric chromatin. Specifically, it still remains
unclear how these CENP-A particles can be distinguished from canonical H3-containing nucleosomes. One proposal which has emerged is that altered stoichiometry of these CENP-A particles
(i.e. hemisomes, tetrasomes, etc.; see Fig. 1.2) can aid in differentiating CENP-A particles from
bulk nucleosomes. Defining the stoichiometry of the CENP-A particle was one objective of the work
I describe in Chapter 2. Additionally, there is very little insight into how these CENP-A particles
are organized at a functional human centromere. The work that I present in Chapter 2 also focuses
on determining how CENP-A particles are arranged at functional human α-satellite-containing centromeres and neocentromeres.
Regulating the microtubule attachments to the kinetochore is also a process that is essential
to ensure accurate chromosome segregation. The CPC plays an extremely important role in regulating these kinetochore-microtubule attachments and many advances have been made describing
the molecular details of this regulation. However, there are still many details about how the CPC
is regulated which still remain to be uncovered. Chapter 3 of my thesis focuses on my efforts to
uncover additional layers of CPC regulation.
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Chapter 2: The Octamer is the Major Form of CENP-A Nucleosomes at
Human Centromeres

2.1

Abstract

The centromere is the chromosomal locus that ensures fidelity in genome transmission at cell division. Centromere protein A (CENP-A) is a histone H3 variant that specifies centromere location
in a manner that is independent of DNA sequence. Conflicting evidence has emerged regarding the
histone composition and stoichiometry of CENP-A nucleosomes. Here we show that the predominant form of the CENP-A particle at human centromeres is an octameric nucleosome. CENP-A
nucleosomes are very highly phased on α-satellite 171 bp monomers at normal centromeres, and also
display strong positioning at neocentromeres. At either type of functional centromere, CENP-A nucleosomes exhibit similar DNA wrapping behavior to octameric CENP-A nucleosomes reconstituted
with recombinant components, having looser DNA termini than those on their conventional counterparts containing canonical H3. Thus, the fundamental unit of the chromatin that epigenetically
specifies centromere location in mammals is an octameric nucleosome with loose termini.

2.2

Introduction

Faithful genome inheritance at cell division requires that each chromosome contain a single functional centromere [132]. The centromere is the site of assembly of the mitotic kinetochore—a massive
complex of proteins that serves as the connection point to the microtubule-based spindle—, and also
serves as the site of final sister chromatid cohesion [132]. Strong evidence suggests that CENP-A
can provide the key epigenetic information to mark centromere location [61,102,235], distinguishing
centromeres from the rest of the chromosome. Prime examples of the DNA sequence-independent
nature of centromere inheritance are human neocentromeres that have been isolated out of the pop-
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ulation, where centromere function is uncoupled from the repetitive α-satellite DNA that typically
overlaps with CENP-A chromatin occupancy [17, 20, 53, 236–238]. Fundamental questions remain
regarding CENP-A nucleosomes, such as the histone composition/stoichiometry of the CENP-A
particle and how much DNA it wraps.
There is now nearly a consensus on the point that recombinant, purified CENP-A readily assembles into octameric nucleosomes where two copies of CENP-A replace the two copies of canonical
H3 [62–64, 77, 239]. Reconstituted octameric CENP-A nucleosomes are known to have loose terminal DNA contacts [63–65]. In addition to loose terminal DNA wrapping, the CENP-A targeting
domain (CATD) confers structural changes [62, 63], as well as conformational rigidity [59, 62], to
the folded core of reconstituted octameric nucleosomes. The relevance of all studies of recombinant
nucleosomes to native centromeric chromatin is unclear, however, because the field remains deeply
divided over key issues on the nature of the protein/DNA particle into which CENP-A assembles
in vivo [80]. Experiments involving isolation of CENP-A particles from various eukaryotic species
have led to radically different models for the fundamental unit of centromeric chromatin including
non-octameric forms (e.g. tetrasomes [89], hemisomes [79, 81, 84, 85], hexasomes [88], etc.). Perhaps the two most intriguing and conflicting proposals for the major form of the CENP-A particles
that specify centromere location in metazoans are for octameric nucleosomes and hemisomes. The
two proposals suggest radically different modes for how centromere-specifying chromatin particles
are distinguished from bulk nucleosomes. Clear examples of when such molecular recognition is
important at the centromere include the direct binding of CENP-A-containing particles by constitutive non-histone centromere components, CENP-N [61, 122] and CENP-C [61, 121]. We now
use native ChIP-seq of CENP-A containing particles from normal centromeres on α-satellite DNA
and three naturally-occurring neocentromeres to test the proposed models for the major form of the
fundamental repeating unit of centromeric chromatin.
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2.3
2.3.1

Results
CENP-A-Containing Particles Protect ∼100-150 bp From MNase
Digestion

To investigate the nature of CENP-A containing particles at functional human centromeres, we first
considered the merits of an MNase digestion approach coupled to ChIP-seq. The MNase approach
is attractive because it straightforwardly tests the specific predictions for how much DNA could
be wrapped by octameric nucleosomes or hemisomes (Fig. 2.1A) [63, 240]. Since early nucleosome
studies, MNase protection has been a standard for defining canonical nucleosomes [241, 242]. Crystallographic studies of canonical nucleosomes have defined how each histone dimer pair (H2A/H2B
or H3/H4) has a single, basic DNA binding ridge that binds to ∼25-30 bp of DNA [240]. The canonical histone octamer wraps ∼100-120 bp of DNA in this way with the final ∼two turns (∼20 bp) of
terminal DNA stabilized by contacts with the αN helix of histone H3. Thus, in total, the canonical
nucleosome core particle stably protects ∼147 bp from MNase digestion. Tetrameric histone complexes of any sort only have enough DNA wrapping surface to bind to ∼65 bp of DNA (Fig. 2.1B)
[243–245]. Before embarking on our ChIP-seq studies of CENP-A nucleosomes isolated from functional centromeres, we examined reconstituted CENP-A containing complexes using one of the same
high-resolution/high-sensitivity detection methods with which we now employ with the native particles (see below). We found that recombinant CENP-A nucleosomes lack protection of crossed
entry/exit DNA (i.e. they do not protect a fragment corresponding to the ∼165 bp peak protected
by canonical nucleosomes containing conventional H3) and digest to three discrete peaks, one the size
of the nucleosome core particle (∼145 bp) and two of smaller size (∼110 and ∼130 bp)(Fig. 2.1C and
Fig. 2.2). All of the fragment lengths protected by recombinant octameric CENP-A nucleosomes are
substantially larger than any fragment from reconstituted (H3/H4)2 and (CENP-A/H4)2 tetrasomes
that protect ∼65 bp (Fig. 2.1D). Thus, structural models and experiments with reconstituted particles encouraged us to pursue a similar MNase strategy with native CENP-A particles to distinguish
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between the radically different configurations that have been proposed for the fundamental unit of
functional centromeric chromatin.
Native ChIP of CENP-A containing particles from human cultured cells strongly enriched centromere DNA and yielded MNase-protected fragments in three major size classes (∼110 bp, ∼130 bp,
∼150bp)(Fig. 2.3A-C). Native ChIP of canonical nucleosomes containing conventional H3 yielded
a distribution of a single size class of MNase protected fragments that expectedly matched the input bulk nucleosomes (Fig. 2.3A and Fig. 2.4A), indicating that the smaller fragments observed for
CENP-A containing particles are not due to additional fragmentation during immunoprecipitation.
If the smaller fragments (∼110 bp) are derived from digestion of the nucleosome termini, as in our
experiments with recombinant CENP-A octameric nucleosomes (Fig. 2.1C), then excessive digestion
should remove the termini and leave a stable ∼110 bp core fragment undigested. We tested this
notion by repeating the isolation of CENP-A nucleosomes where we used a low or high [MNase].
Treatment with high [MNase] expectedly yields more heavily digested bulk chromatin with a higher
mononucleosome:dinucleosome ratio and mononucleosomes that are trimmed down to core particles
(Fig. 2.3D). High [MNase] treatment diminishes the larger (130-160 bp fragments) and increases the
smaller (100-120 bp fragments) MNase-protected DNA fragments from isolated CENP-A particles
(Fig. 2.3E). These findings suggest that native CENP-A particles have a stable core with transiently
unwrapping ends that are digested in a manner that is sensitive to the concentration of MNase.
Transient unwrapping of nucleosome terminal DNA predicts that chemical protein/DNA crosslinking would lock the DNA to the CENP-A containing histone octamer. Indeed, standard formaldehyde
crosslinking as is used in diverse chromatin studies [246, 247], yields CENP-A containing particles
with a single distribution of MNase protected fragments of ∼150- 170 bp, nearly identical to that of
solubilized bulk nucleosomes (Fig. 2.4B-E). These CENP-A particles are isolated out of nucleosome
preparations that contain all detectable CENP-A protein (Fig. 2.4B), and are specifically enriched
for α-satellite DNA (Fig. 2.4C) to a similar extent as are native preparations (Fig. 2.3C). Further,
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Figure 2.1: Structure-based predictions for MNase protection and experimental
outcomes with CENP-A-containing particles assembled with recombinant components. (A) Molecular models (cartoon representations, right) of the indicated, proposed
DNA/protein particles demonstrating the expected length of DNA protected following MNase
digestion. (B) Electrostatic surface potential maps depicting the predicted path of DNA wrapping a tetrasome or hemisome, where positively charged surfaces are colored in blue and negatively charged surfaces are colored in red. Note that 64-66 bp completely covers the DNA
wrapping surface of either tetrameric configuration. (C,D) MNase digestion profiles of octameric CENP-A- or H3-containing mononucleosomes (C) or tetrasomes (D) reconstituted on
a 200 bp template. All CENP-A and corresponding H3 particles were digested under identical
conditions.
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Figure 2.2: Assembly and MNase digestion of CENP-A- and H3-containing tetrasomes, octameric nucleosomes, and nucleosomal arrays. (A,B) Composition of CENP-A
or H3 containing tetrasomes (A) or octameric mononucleosomes (B) reconstituted on ‘601’ 1x
200 bp DNA. All tetrasomes and octamers appear to have stoichiometric amounts of all histones
(SDS PAGE gel on left). CENP-A-containing complexes migrate similarly to the H3-containing
complexes on native PAGE gels (middle and right). This indicates that CENP-A assembles
into tetrasomes as (CENP-A/H4)2 and into octamers as (CENP-A/H4/H2A/H2B)2 just as H3
assembles as (H3/H4)2 and (H3/H4/H2A/H2B)2 , respectively. (C) Composition of CENP-Aor H3-containing nucleosomal arrays reconstituted on ‘601’ 12x 200 bp DNA template. Composition of nucleosomal arrays is determined after cleavage with AvaI between individual ‘601’
monomers to produce mononucleosomes. Nucleosomal arrays appear to have stoichiometric
amounts of all histones (SDS PAGE gel on left). CENP-A-containing complexes migrate similarly to the H3-containing complexes on native PAGE gels (middle and right). This indicates
that CENP-A assembles into octameric nucleosomal arrays just as H3 does. (D) MNase digestion profiles of CENP-A-or H3-containing nucleosomal arrays. Nucleosomal arrays represent
stretches of nucleosomes found on chromosomes and produce a nearly identical MNase digestion
profile as do octameric nucleosomes (Fig. 2.1C).
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Figure 2.3: Nuclease digestion of native CENP-A-containing particles resembles
that of octameric nucleosomes with loose termini. (A) DNA length distributions of
MNase-digested CENP-A native ChIP and bulk nucleosomes from the same preparation. (B)
FISH using DNA from bulk nucleosomes or CENP-A native ChIP as probes. Bulk nucleosome
DNA labels the entire chromosome whereas CENP-A probe labels solely centromeric regions, as
expected. (C) qPCR analysis comparing enrichment of CENP-A native ChIP DNA relative to
bulk nucleosome DNA. CENP-A ChIP sequences are significantly enriched for α-satellite regions
(α-satellite1, α-satellite2), but not at pericentric or promoter (aldo) regions, as expected. (D)
Standard digestion (Low [MNase], red) or overdigestion (High [MNase], blue; threefold higher
[MNase] used) of chromatin. Overdigestion is clear as polynucleosomes (>250 bp) are depleted,
and digestion within the nucleosome (<140 bp) is increased. (E) The ∼145-155 bp peak of
CENP-A nucleosomes is diminished and the ∼100-110 bp peak of CENP-A nucleosomes is
increased upon overdigestion of chromatin.
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Figure 2.4: Characterization of native and crosslinked CENP-A ChIP. (A) DNA
length distributions of MNase digested CENP-A native ChIP, H3 native ChIP and bulk nucleosomes from the same preparation. H3 native ChIP using H3K9me3 antibody yields nearly
identical size distribution as bulk nucleosomes (input to the ChIP) suggesting that CENP-A size
distribution is not an artifact of immunoprecipitation. Both αH3K9me3 and αH3.3 native ChIP
produce patterns nearly identical to the bulk (input) nucleosomes. (B) Ponceau-stained blot
(left) showing that all nucleosomes are released into the supernatant after MNase digestion of
crosslinked cells and α-CENP-A blot (right) showing that all of the CENP-A protein is present
in the supernatant from which CENP-A is immunoprecipitated. (C) qPCR analysis comparing enrichment of CENP-A crosslinked ChIP DNA relative to bulk nucleosome DNA. CENP-A
ChIP sequences are significantly enriched for α-satellite regions (α-satellite1, α-satellite2), but
not at pericentric or promoter (aldo) regions, as expected. (D) DNA length distributions of
MNase digested CENP-A crosslinked ChIP and bulk nucleosomes from the same preparation
from PDNC4 cells. Transiently unwrapped DNA termini are predictably stabilized by standard chromatin crosslinking, yielding CENP-A nucleosomes that protect DNA from MNase to
a similarly sized broad range as bulk mononucleosomes from the input material to the CENP-A
ChIP. (E) DNA length distributions of MNase digested CENP-A crosslinked ChIP and bulk nucleosomes from the same preparation from HeLa cells. (F) FACS analysis of propidium iodide
stained cycling HeLa cells.
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similar results were obtained for two independent cell types, one derived from healthy tissue (PDNC4 cells) and one derived from a tumor (HeLa) (Fig. 2.4D,E). Together, our findings strongly
suggest that we are monitoring the DNA wrapping behavior of the major form of CENP-A nucleosomes, and that in doing so, our approach represents a highly sensitive means to probe centromere
chromatin architecture.

2.3.2

CENP-A Nucleosome Positions on the Complex DNA of Neocentromeres

We considered that the sub-145 bp MNase protected fragments on natively prepared CENP-A particles could be caused by 1) the physical properties conferred by the incorporation of CENP-A into
nucleosomes that make the terminal DNA susceptible to MNase digestion or 2) the properties imposed by the sequence or higher-order structure of the α-satellite DNA (where the monomer repeat
unit is 171 bp [80, 248]) upon which CENP-A is assembled at normal human centromeres. Neocentromeres provide a prime tool to investigate functional CENP-A nucleosomes in the absence of
any effects imposed by α-satellite DNA. We used patient-derived cell lines harboring one neocentromeric chromosome each (Fig. 2.5A-C) for ChIP-seq studies. Two of the neocentromeres map to
single copy, complex DNA sequences (Fig. 2.5A,C; [20,236]) while the other is present on a repeat sequence where the ∼12 kb monomer sequence is completely unrelated to α-satellites (Fig. 2.5B) [238].
We mapped paired-end CENP-A nucleosome sequences and found strong enrichment at each of the
neocentromeres we examined (Fig. 2.5A-C; Table 2.1), in good agreement with earlier mapping efforts [20, 236, 238]. The vast majority of CENP-A nucleosomes at the neocentromere fall in the
three CENP-A nucleosome size classes (Fig. 2.3A and Fig. 2.6C; three bins: 100-119bp, 120-139bp,
140-160bp), and we found that all three size classes map to the same positions (Fig. 2.5D-I and
Fig. 2.6- Fig. 2.8; Tables 2.3, 2.4). The finding that the small (∼110 bp), medium (∼130 bp), and
large (∼150 bp) fragments localize to the same genomic positions (as opposed to distinct ones) is
consistent with the notion that CENP-A nucleosomes have DNA termini that transiently unwrap and
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are thus prone to variable terminal nuclease digestion. Indeed, colocalization of all three size classes
is evident for both quantitative global analysis of the entire neocentromere regions (Fig. 2.5D,F,H,
Fig. 2.6D, Fig. 2.7A, and Fig. 2.8A; Tables 2.3, 2.4) and for local analysis of CENP-A nucleosome
sites (Fig. 2.5E,G,I, Fig. 2.6F-M, Fig. 2.7B-I, and Fig. 2.8B-G; Tables 2.3, 2.4). Initial removal of
duplicate reads yielded similar results (Fig. 2.6E,N), indicating that the DNA wrapping behavior we
observe is entirely attributable to positioning of CENP-A-containing particles. Despite originating
at diverse genomic locations on separate chromosomes, and with highly variable sizes and patterns
of CENP-A nucleosome enrichment (Fig. 2.5A-C), the wrapping behavior of individual CENP-A
nucleosomes is strikingly similar for all three of the neocentromeres we examined. In total, our analysis of neocentromeres strongly suggests that the DNA wrapping properties of CENP-A-containing
particles are largely independent of DNA sequence variation in complex DNA and can be attributed
to the physical properties conferred by the presence of CENP-A.

Table 2.1: CENP-A joined reads are specifically enriched at neocentromeres
Number of joined reads at the neocentromere

2.3.3

PDNC4

MS4221

IMS13q

CENP-A native ChIP

326,764

340,371

338,724

Bulk nucleosomes

4407

6187

1216

H3 native ChIP

2732

5427

1501

CENP-A-containing Particles on the Repetitive DNA of Normal
Centromeres

The highly repetitive nature of the DNA sequences found at normal centromere raises the possibility
that nucleosome positioning and DNA wrapping is more ordered on α-satellite DNA. Indeed, there
are preferred MNase digestion sites of CENP-A containing chromatin within α-satellite monomers
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Figure 2.5: (Caption next page.)

Chapter 2: CENP-A octamer is the major form

2.3 Results

38
Figure 2.5: The three size classes of CENP-A nucleosomes localize to the same
prominent positions on neocentromeres. (A-C) Bowtie-mapped paired-end CENP-A native ChIP-seq reads in three different human neocentromere containing cell lines (PDNC4,
MS4221, IMS13q; ideograms, top) demonstrate the specificity of CENP-A native ChIP. The
IMS13q neocentromere was formed as a result of an inversion duplication. (D-I), Occupancy
maps for the three different size classes of CENP-A nucleosomes along the length of the neocentromere for PDNC4 (D), MS4221 (F), and IMS13q (H) and within a subsection (2500 bp
window) in (E), (G), and (I). In all cases, p-values < 0.0001. (Tables 2.3 and 2.4).

[249]. Centromeres remain largely unannotated, and standard genomic sequence filters discard these
sequences. We developed a scheme that takes advantage of paired-end and long (100 bp) deep sequencing reads (Fig. 2.10A,B) and the fact that α-satellite monomers share >60% sequence identity
to one another [248]. Without both paired-end and long reads, it is impossible to identify the
length or sequence of nucleosome protected MNase fragments within such highly repetitive DNA.
Our scheme is to align nucleosome sequences to a dimer α-satellite consensus sequence (Fig. 2.10)
[248, 249]. In doing so, we include all sequences that map within a single 171 bp monomer or span
two monomers. For all three of the cell lines that we examined, we observed a biphasic behavior of
CENP-A nucleosome sequence alignments with a subset of sequences having an alignment value of
35-40% and another at ≥60% (Fig. 2.9A,B and Fig. 2.10C,D,G,H). The former subset represents the
alignment value of random sequences (i.e. sequences that do not originate from α-satellite DNA). The
latter subset (≥60% identity shared with the α-satellite consensus) represents bona fide α-satellite
sequences. CENP-A nucleosome ChIP preparations are strongly enriched for α-satellite DNA, representing 35-52% of the sequences for each of the three cell lines used in this study (Fig. 2.9A and
Fig. 2.10C,G). ∼1.5% of bulk nucleosome sequences are from α-satellite DNA and align with ≥60%
identity, and this equates to 4-7 x 105 bulk nucleosome sequences at centromeres (Fig. 2.9B and
Fig. 2.10D,H) for us to compare to their counterparts containing CENP-A.
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Figure 2.6: (Caption next page.)
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Figure 2.6: All three size classes of CENP-A nucleosomes map to the same locations
at PDNC4 neocentromere. (A) Scheme for joining paired-end reads. DNA from native
ChIP purification of nucleosomes is extracted and subjected to 100 bp paired-end Illumina
sequencing. The first 100 bp from either end of the sequence are sequenced (Read1, Read2).
Since mononucleosomes protect less than 200 bp DNA (100 bp + 100 bp), Read1 and Read2
will contain identical overlapping sequence. We used the MATLAB local alignment function
to determine the overlapping region (requiring ≥ 95% overlap identity) that was common to
both sequence and created the resulting joined sequence. (B) Scheme for plotting nucleosome
occupancy maps. The number of reads that overlap at each particular base pair along the
coordinate are summed and plotted to yield the nucleosome occupancy map (Figs. 2.5D-I, 2.62.8). (C) Occupancy maps demonstrating that the sum of the three size classes of CENP-A
nucleosomes chosen for subsequent analysis represent the vast majority of DNA fragments. (D)
Occupancy maps for the three different size classes of CENP-A nucleosomes along the length
of the PDNC4 neocentromere and at various subsections (2500 bp windows) in (F-M). The
2500 bp subsections were chosen at random by choosing 3 regions (each 10 kb apart) within
each of the three ∼60 kb CENP-A domains. In all cases, p-values < 0.0001. (Tables 2.3, 2.4).
(E) Occupancy maps for the three different size classes of CENP-A nucleosomes after duplicate
reads (reads that are identical in length and sequence) were removed along the length of the
entire PDNC4 neocentromere and in a 2500 bp window (N) (see Fig. 2.5E for comparison).
Nucleosome occupancy maps retain very similar patterns before and after duplicate removal
and p values remain < 0.001 (Tables 2.3, 2.4).

2.3.4

Phasing of CENP-A Containing Particles on α-satellite DNA

The tripartite distribution of size classes of MNase digestion of CENP-A nucleosomes includes 1724% of the large bin (140-160 bp), 36-42% for the middle bin (120-139 bp), and 32- 38% for the small
bin (100-119 bp), with small variation observed between experiments performed in the three cell lines
used in this study (Fig. 2.9C and Fig. 2.10E,I). The tripartite distribution is in stark contrast to
bulk nucleosomes on α-satellite DNA, where MNase protection of 140-160 bp, or slightly larger,
predominates (Fig. 2.9D and Fig. 2.10F,J), consistent with fully wrapped nucleosomes with or without crossed linker DNA at the entry/exit positions (Fig. 2.1A). Therefore, even when wrapped with
nearly identical sequences—the closely related α-satellite DNA of normal centromeres—CENP-A
nucleosomes exhibit distinctly shorter lengths of MNase protection than their conventional counterparts with canonical H3.
To measure the degree of phasing of CENP-A nucleosomes on α-satellite DNA and investigate
the relationship between the three different size classes of DNA fragments protected from MNase
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Figure 2.7: (Caption next page.)
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Figure 2.7: All three size classes of CENP-A nucleosomes map to the same locations at MS4221 neocentromere. (A-I) Occupancy maps for the three different size classes
of CENP-A nucleosomes along the length of the MS4221 neocentromere (A) and at various
subsections (2500 bp windows) in (B-I). Location of the 2500 bp windows are indicated with
black arrows in (A). The 2500 bp subsections were chosen at random (one region within each
prominent CENP-A peak from (A)). In all cases, p-values < 0.0001. (Tables 2.3, 2.4).
Table 2.2: CENP-A reads at HORs
Number of sequences at HORs
Cell line

Gender

Chromosome X

Chromosome Y

PDNC4

Female

936,641

0

MS4221

Male

493,734

551,277

IMS13q

Female

1,027,947

23

digestion, we mapped our sequencing data back to the dimerized α-satellite sequence (Fig. 2.11).
CENP-A nucleosomes are highly phased on α-satellite DNA, with the small (100-119 bp) and medium
(120-139 bp) MNase protected fragments showing the highest level of phasing (Fig. 2.11A and
Fig. 2.12A,D). The small- and medium-sized MNase protected fragments share a 5’ digestion site
∼15-20 bp 3’ of the position of the CENP-B box (a 17 bp binding site for the CENP-B protein [51]),
with the smallest fragments digested ∼20 bp shorter than the medium-sized fragments at their 3’ end
(Fig. 2.11A and Fig. 2.12A,D). Phasing of bulk nucleosomes on α-satellite DNA is less pronounced,
but there is one clearly preferred site with MNase digestion near the 3’ end of the first CENP-B box
and ∼5-10 bp 5’ of the second CENP-B box (Fig. 2.11B and Fig. 2.12B,E).
We predicted that CENP-A-containing and H3-containing octameric nucleosomes have similar
preferred sites on α-satellite DNA since the basic residues that contact nucleosomal DNA are largely
conserved on the surface of the (CENP-A/H4)2 heterotetramer relative to (H3/H4)2 (Fig. 2.1)
[62, 63]. Upon plotting the midpoints of all nucleosome sequences that map to α-satellite DNA, we
found that the most prominent position of the small (100-119 bp) MNase fragments from CENP-
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Figure 2.8: All three size classes of CENP-A nucleosomes map to the same locations
at IMS13q neocentromere. (A-G) Occupancy maps for the three different size classes of
CENP-A nucleosomes along the length of the entire IMS13q neocentromere (A) and at various
subsections (2500 bp windows) in (B-G). Location of the 2500 bp windows are indicated with
black arrows in (A). The 2500 bp subsections were chosen at random (each 10 kb apart). In all
cases, p-values < 0.0001. (Tables 2.3, 2.4).
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Figure 2.9: CENP-A nucleosomes on the repetitive α-satellite DNA of normal
centromeres have a tripartite distribution of nuclease protected DNA fragments.
(A,B) Alignment of CENP-A (A) or bulk nucleosome (B) fragments to a dimer α-satellite
consensus sequence. (C,D) Distribution of DNA lengths of all CENP-A (C) or bulk nucleosome
(D) fragments aligning to the α-satellite consensus sequence with ≥ 60% identity.

A nucleosomes is identical to the most prominent bulk nucleosome position (Fig. 2.11C,D and
Fig. 2.12C,F; compare yellow plot of the CENP-A ChIP to the maroon trace of the bulk nucleosomes).
The midpoint of the middle-sized MNase fragments from CENP-A nucleosomes is shifted 10 bp 3’
of the midpoint of the small-sized CENP-A fragments and canonical nucleosomes (Fig. 2.11C,D and
Fig. 2.12C,F; red plot of the CENP-A ChIP). Together, these data argue for a model for nucleosome
positioning on α-satellite DNA wherein: 1) canonical nucleosomes prefer a site between CENP-B
boxes and maintain strong terminal DNA wrapping with their dyad axis positioned at or very near
the midpoint peak we observed (Fig. 2.11D,F; maroon tracing), 2) the small-sized CENP-A fragments
(Fig. 2.11C,E; yellow) represent MNase digestion of 15-20 bp from each end of a nucleosome with
identical dyad axis positioning, and 3) the medium-sized CENP-A fragments (Fig. 2.11C,E; red)
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Figure 2.10: (Caption next page.)
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Figure 2.10: CENP-A nucleosomes at normal centromeres in MS4221 and IMS13q
cells have a tripartite distribution of sizes. (A) Sequence of the dimer α-satellite consensus is highlighted in yellow with the location of the CENP-B boxes highlighted in magenta.
(B) All joined reads (as described in Fig. 2.6A) are aligned along the dimer α-satellite consensus sequence and only those sequences which align with ≥ 60% identity to the consensus
are color-coded based on length and are plotted along the length of the consensus sequence.
(C,D) Alignment of MS4221 CENP-A (C) or bulk nucleosome (D) fragments to the α-satellite
consensus sequence. (E,F) DNA length distribution of all CENP-A (E) or bulk nucleosome (F)
fragments aligning to the α-satellite consensus sequence with ≥ 60% identity. (G,H) Alignment
of IMS13q CENP-A (G) or bulk nucleosome (H) fragments to the α-satellite consensus sequence.
(I, J) DNA length distribution of all CENP-A (I) or bulk nucleosome (J) fragments aligning to
the α-satellite consensus sequence with ≥ 60% identity.

represent asymmetrically digested MNase products that have been cleaved 15-20 bp at their 5’ end
but not their 3’ end. Further, CENP-A nucleosomes at their most prominent position at centromeres
do not strongly protect fragments >140 bp (Fig. 2.11). To the contrary, the >140 bp fragments
protected by CENP-A nucleosomes are not well phased (Fig. 2.11A,C). Thus, in the context of their
preferred biological context on the chromosome, CENP-A nucleosomes are strongly phased and their
propensity to unwrap DNA at their termini is accentuated, especially at the 5’ nucleosome entry/exit
site (Fig. 2.11E; for CENP-A nucleosomes, the i’ site is almost always the site of cleavage, and the
i site is very rarely used).

2.3.5

CENP-B Box Dependent and Independent Phasing of CENP-A
Nucleosomes

Since our initial analysis (Fig. 2.11) suggests a strong relationship between the positioning of CENPB boxes and the CENP-A nucleosome, we next investigated the extent to which CENP-A nucleosome
phasing is dependent upon functional CENP-B boxes. The mapping scheme we first employed to
examine the phasing of CENP-A nucleosomes on α-satellite DNA revealed that the most prominent
CENP-A nucleosome location in the genome yields MNase digested fragments that exclude the
location of the CENP-B box (Fig. 2.11A). Thus, such a mapping strategy based on consensus
sequence does not allow us to directly assess the relationship of these nucleosome positions relative
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Figure 2.11: Terminally unwrapped CENP-A nucleosomes and their conventional
counterparts with wrapped termini are similarly phased at normal centromeres.
(A,B) The position of each individual CENP-A (A) or bulk nucleosome (B) along a dimerized
α-satellite consensus sequence is indicated by a horizontal line. Each fragment is color-coded
based on length, as indicated. (C,D) The midpoint positions of CENP-A (C) or bulk nucleosome
(D) fragments along the dimer α-satellite consensus sequence. Solid vertical lines indicate the
location of the 17 bp CENP-B box in (A-D). (E, F) Model of the preferred positioning and
MNase cleavage sites on CENP-A (E) and H3 (F) nucleosomes at normal centromeres.
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Figure 2.12: (Caption next page.)
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Figure 2.12: Terminally unwrapped CENP-A nucleosomes and their conventional
counterparts with wrapped termini are similarly phased at normal centromeres in
MS4221 and IMS13q cells. (A,B) MS4221 derived stackplots displaying the position of each
individual CENP-A (A) or bulk nucleosome (B) fragment along the dimer α-satellite consensus
sequence. (C) Frequency of midpoint position along the dimer α-satellite consensus sequence
for CENP-A or bulk nucleosome fragments derived from MS4221 cells. (D,E) IMS13q derived
stackplots displaying the position of each individual CENP-A (D) or bulk nucleosome (E) fragment along the dimer α-satellite consensus sequence. (F) Frequency of midpoint position along
the dimer α-satellite consensus sequence for CENP-A or bulk nucleosome fragments derived
from IMS13q cells. Each horizontal line represents a single nucleosomal fragment that is colorcoded based on length in (A), (B), (D), and (E). The most prominent nucleosome positions are
displayed with horizontal lines in (C) and (F). Solid vertical lines indicate the location of the
17 bp CENP-B box in (A-F).

to functional CENP-B boxes that contain the key nucleotide sequence for recognition by the CENP-B
protein [51]. Therefore, we further examined CENP-A nucleosome positions in chromosome-specific
higher-order repeat (HOR) α-satellite DNA sequences that have been identified for almost all human
chromosomes, although many are poorly annotated in the human genome [250]. Most of these HORs
contain a functional CENP-B box in some fraction of their monomers. Here we chose to examine
the well-characterized 2 kb HOR from the X chromosome which contains functional CENP-B boxes
in 4 of its 12 monomers (Fig. 2.13A) [49, 250]. We compared this to the α-satellite HOR found
on the Y chromosome, which does not contain any functional CENP-B boxes, and in fact the Y
chromosome is the only chromosome that does not show any binding of the CENP-B protein at its
centromere [50, 251]. Since we have contiguous end-to-end sequence reads for all of the CENP-A
nucleosome derived DNA sequences, we can effectively align them to these HORs. For instance,
two of the neocentromere cell lines we use are derived from females, and yield almost no CENP-A
nucleosome-derived fragments that align with the chromosome Y HOR (Table 2.2). One cell line,
MS4221, is derived from a male and yields >500,000 CENP-A nucleosome-derived fragments that
align with the chromosome Y HOR (Table 2.2). Thus, our mapping strategy is extremely stringent
and provides an attractive means to very faithfully and precisely assign CENP-A nucleosome-derived
fragments to their location within annotated HORs.

Chapter 2: CENP-A octamer is the major form

2.3 Results

50

A

Frequency

6000

Chromosome X HOR

4000

2000

0

Frequency

B

Midpoint Position
1500

Chromosome Y HOR

1000

500

0
Midpoint Position
α-satellite monomer
with functional CENP-B box

α-satellite monomer
with non-functional CENP-B box

Figure 2.13: Phasing of CENP-A nucleosomes at annotated regions of α-satellite
DNA from the X and Y chromosomes. (A,B) CENP-A nucleosome midpoint positions
are shown along an 20 annotated region of the 2 kb, 12 monomer HOR of α-satellite from the
X chromosome (A) or a 12 monomer portion of the Y chromosome HOR (B).

Pronounced phasing is apparent on each HOR with the midpoints of CENP-A nucleosome positions peaking at locations between the positions of functional CENP-B boxes (Fig. 2.13A; magenta
boxes in monomer diagrams) or where they would be located on monomers lacking functional CENPB boxes (Fig. 2.13A,B; grey boxes in monomer diagrams). Since the Y chromosome α-satellite HOR
completely lacks a functional CENP-B box, such phasing on the Y HOR indicates that CENP-B boxindependent phasing clearly occurs (Fig. 2.13B). An additional contribution to CENP-A nucleosome
phasing by functional CENP-B boxes is suggested at the chromosome X HOR where the monomer
sequences that are more than one full monomer away from a functional CENP-B box appear to
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contain a broader distributions of midpoints (Fig. 2.13A; dashed box). At these locations, many
CENP-A nucleosome midpoint positions fall within the coordinates of the non-functional CENP-B
boxes. Further, the difference between the prominent peaks of CENP-A position and valleys between
them appears to be more pronounced on the X than on the Y. Thus, aligning CENP-A nucleosome
positions on α-satellite DNA suggests a strong CENP-B-box-independent phasing component encoded within the α-satellite monomer and that additional ‘fine-tuning’ by CENP-B-box-dependent
phasing may exist.
To examine the extent to which CENP-B-box-dependent phasing of CENP-A nucleosomes occurs, we mapped the chromosome X and Y HOR CENP-A nucleosome sequences to the consensus
(Fig. 2.14). Strikingly, the phasing on the chromosome Y HOR is specifically diminished relative
to the chromosome X HOR (note that the X HOR [Fig. 2.14A-C] is very similar to the phasing of
CENP-A nucleosomes sequences from all α-satellite sequences [Fig. 2.11A,C and Fig. 2.12A,C,D,F]).
The CENP-B box-independent phasing on the chromosome Y HOR (Fig. 2.14D,E) remains strong
enough, however, to still clearly observe the most prominent position(s) for each small, medium, and
large CENP-A nucleosome-derived fragments (Fig. 2.14E). These positions indicate that the central
dyad of the preferred CENP-A nucleosome position on the chromosome Y HOR (Fig. 2.14F) is the
same as deduced from our analysis on all α-satellite sequences (Fig. 2.11D). On the chromosome Y
HOR, however, the i and ii MNase cleavage sites are used equally (Fig. 2.14F), as opposed to the
sharp asymmetry observed on the X HOR (Fig. 2.14B,C) or globally on the CENP-A nucleosomederived fragments on α-satellite DNA from all chomosomes (Fig. 2.11D).

2.4

Discussion

Regarding the fundamental unit of centromere specifying chromatin, we report nuclease digestion experiments that demonstrate a remarkable similarity in the behavior of octameric CENP-A-containing
nucleosomes reconstituted with recombinant components and the form present at functional human
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Figure 2.14: CENP-A nucleosomes are less phased and gain symmetric MNase
digestion on the Y chromosome centromere that lacks functional CENP-B boxes.
(A-C) Maps of chromosome X HOR-aligned CENP-A sequences. (D-F) Maps of chromosome
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global analysis of CENP-A nucleosome-associated α-satellite sequences (Fig. 2.11).
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Table 2.3: Pearson correlation coefficients for nucleosome occupancy maps at the PDNC4 neocentromere demonstrate that all size
classes colocalize.
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Table 2.4: Pearson correlation coefficients for nucleosome occupancy maps at the MS4221 and IMS13q neocentromeres demonstrate
that all size classes colocalize.
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centromeres. We conclude that the predominant form of CENP-A particles at functional centromeres
is an octamer with loose DNA termini based on several key findings: 1) the smallest CENP-A containing particle protects ∼110 bp from MNase digestion, which is ∼30-50 bp longer than what could
be accommodated by tetrameric models, 2) three size classes of CENP-A particles all map to the
same nucleosome positions on the complex DNA of neocentromeres, and 3) CENP-A nucleosomes at
normal centromeres share the same apparent dyad axis positioning as their conventional counterparts
containing H3 on the 171 bp α-satellite DNA repeat sequence.
Our findings do not exclude the possibility that a minor population of CENP-A containing particles exists with special stoichiometry, nor do they exclude the possibility that other forms exist at
particular steps during a cell cycle coupled program of CENP-A nucleosome maturation/propagation
[80]. Mutation at the CENP-A/CENP-A interface abrogates CENP-A accumulation at centromeres
[109, 252], suggesting a particle with two copies of CENP-A is required at least transiently in this
program. AFM measurements of CENP-A containing particles that were isolated from phases outside of S-phase are shorter than conventional nucleosomes, but are of similar height at S-phase [84].
These findings were interpreted as evidence for hemisomes as the predominant form through the
majority of the cell cycle [84]. The use of AFM-based height measurements to differentiate between hemisomes and octameric nucleosomes from isolated CENP-A containing particles may not
be as straightforward as it originally seemed, since reconstituted, recombinant CENP-A containing octameric nucleosomes are substantially shorter than their canonical counterparts containing
conventional H3 [253]. Further, and to this point, in addition to the neocentromere-harboring cell
lines derived from healthy tissue, our studies also include the same tumor-derived cell type as used
in the AFM study [84], HeLa (Fig. 2.4E,F). Under our culturing conditions ∼70% of the HeLa
cell population is outside of S-phase (Fig. 2.4F). We observe DNA fragment lengths consistent with
an octameric CENP-A nucleosomes in HeLa (Fig. 2.4E) with no evidence of the biphasic behavior
predicted by a model where there are long periods of the cell cycle where CENP-A forms radically
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different particles (e.g. a hemisome/octameric nucleosomes switching model [84]). Therefore, since
sub-octameric forms are not highly populated in the genome, we conclude that such minor species
would be present at very low levels or only very transiently during the cell cycle.
Our findings also uncovered remarkable coupling of the propensity of the CENP-A nucleosome
to unwrap its terminal DNA with its strongly phased position within the 171 bp monomer unit
of centromeric α-satellite DNA. We further conclude that CENP-B binding to the CENP-B box
generates asymmetric unwrapping of CENP-A nucleosome terminal DNA. Nucleosomes, CENPA containing or bulk nucleosomes, are not positioned evenly between the sites of CENP-B boxes
within α-satellite monomers. Rather, the site for the CENP-B box is immediately adjacent 5’ of
the entry/exit site. Thus, this places the 3’ end of the CENP-B box very near to the nucleosome.
CENP-B binding induces a ∼60◦ bend in the DNA with the strongest kink induced 4 bp from
the 3’ end of the CENP-B box [254]. We think it is very likely that this property of CENP-B
contributes strongly to several chromatin features we observe on α- satellite DNA: 1) the general
phasing observed for bulk nucleosomes, 2) the enhanced phasing we see for CENP-A nucleosomes,
and 3) the asymmetric unwrapping of nucleosome terminal DNA that is exquisitely specific to CENPA containing nucleosomes that are bounded by CENP-B boxes. To the latter feature, it appears
that CENP-A has evolved in a manner that is poised to have its nucleosomal termini unwrapped.
It is enticing to speculate that the physical relationship between CENP-A, CENP-B, and α-satellite
DNA is a product of co-evolution. Whether at established centromere locations of highly repetitive
DNA or at new centromere locations lacking repeats, however, CENP-A marks centromere location
as part of an octameric nucleosome with loose termini.
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2.5
2.5.1

Methods
Nucleosome Reconstitution Experiments

Tetrasomes, nucleosomes, and nucleosomal arrays were reconstituted from purified components using
salt dialysis [255]. Briefly, human histones H3, H4, H2A, H2B were purified as monomers and mixed
to form (H3/H4)2 tetramer and (H2A/H2B) dimer complexes [62,256] while human (CENP-A/H4)2
was purified from a bi-cistronic vector as a tetramer [59]. The 601 1 x 200 bp and 601 12 x 200
bp DNA templates [257, 258] were both purified by anion exchange chromatography. The indicated
histone complexes were combined with the DNA in 2 M NaCl and dialyzed in steps: 1) TE (10
mM Tris [pH 7.8], 0.25 mM EDTA) supplemented with 1 M NaCl, 2) followed by TE supplemented
with 0.75 M NaCl, and 3) lastly TE supplemented with 2.5 mM NaCl. Tetrasomes, nucleosomes, or
nucleosomal arrays were digested with 2 U/µg MNase (Roche) in the presence of 3 mM CaCl2 for
0.5 to 2 min. Each comparison shown between CENP-A containing and H3 containing particles was
performed in parallel under identical reaction conditions for the same length of time. Each reaction
was quenched by addition of 10 µl of 0.5 M EGTA and Buffer QG (Qiagen) and placed on ice. The
DNA was purified using a DNA purification kit (Qiagen) and subsequently analyzed by Agilent 2100
Bioanalyzer using the DNA 1000 kit.

2.5.2

Chromatin Immunoprecipitation

For native ChIP, 2-5 x 107 cells were collected and resuspended in 2 ml of ice cold buffer I (0.32
M Sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2 , 0.1 mM EGTA, 15 mM Tris [pH 7.5], 0.5
mM DTT, 0.1 mM PMSF, 1:1000 protease inhibitor cocktail [Sigma]). 2 mL of ice cold buffer I
supplemented with 0.1% IGEPAL was added and placed on ice for 10 min. The resulting 4 ml of
nuclei was gently layered on top of 8 ml of ice cold buffer III (1.2 M Sucrose, 60 mM KCl, 15 mM
NaCl, 5 mM MgCl2 , 0.1 mM EGTA, 15 mM Tris [pH 7.5], 0.5 mM DTT, 0.1 mM PMSF, 1:1000
protease inhibitor cocktail) and centrifuged at 10,000 x g for 20 min at 4◦ C with no brake. Pelleted
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nuclei were resuspended in buffer A (0.34 M sucrose, 15 mM HEPES [pH 7.4], 15 mM NaCl, 60 mM
KCl, 4 mM MgCl2 , 1 mM DTT, 0.1 mM PMSF, 1:1000 protease inhibitor cocktail (Sigma)) to 400
ng/µL. MNase (Affymetrix) digestion reactions were carried out on 100 µg or more chromatin using
0.9-2.8 U/µg chromatin in buffer A supplemented with 3 mM CaCl2 for 10 min at 37◦ C. The reaction
was quenched with 5 mM EGTA on ice and centrifuged at 13,500 x g for 10 min. The chromatin was
resuspended in 10 mM EDTA [pH 8.0], 1 mM PMSF, 1:1000 protease inhibitor cocktail and rotated
at 4◦ C for 2-4 h. The mixture was adjusted to 500 mM NaCl, allowed to rotate for another 45 min
and then centrifuged at 13,500g for 10 min yielding nucleosomes in the supernatant. 100 µg or more
of chromatin was diluted to 100 ng/µL with buffer B (20 mM Tris [pH 8.0], 5 mM EDTA, 500 mM
NaCl, 0.2% Tween 20) and precleared with 60 µL 50% protein G bead (GE Healthcare) slurry for 20
min at 4◦ C. 1-2 µg of the precleared supernatant (bulk nucleosomes) was saved for further processing.
To the remaining supernatant, antibody was added and rotated overnight at 4◦ C. Immunocomplexes
were recovered by addition of 100 µL 50% protein G bead slurry followed by rotation at 4◦ C for 3
h. The beads were washed three times with buffer B, and once with buffer B without Tween. For
the input fraction, an equal volume of input recovery buffer (0.6 M NaCl, 20 mM EDTA, 20 mM
Tris [pH 7.5], 1% SDS) and 1 µL of RNAse A (10 mg/ml) was added followed by incubation for
one hour at 37◦ C. 100 µg/ml Proteinase K (Roche) was then added and was incubated for another
3 h at 37◦ C. For the ChIP fraction, 300 µL of ChIP recovery buffer (20 mM Tris [pH 7.5], 20 mM
EDTA, 0.5% SDS, 500 µg/ml Proteinase K) was added directly to the beads and incubated for
3-4 hrs at 56◦ C. The resulting Proteinase K-treated samples were subjected to a phenol-chloroform
extraction followed by purification using a Qiagen MinElute column. For crosslinked ChIP, 2-5 x 107
cells were processed with the SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling, 9002) using
the manufacturers recommendations. Unamplified Input or ChIP DNA was analyzed using Agilent
2100 Bionanalyzer High Sensitivity Kit. Antibodies used for ChIP: mouse α-CENP-A monoclonal
(15 µg, ab13939 (Abcam)); rabbit α-H3K9me3 polyclonal (10 µg, ab8898 (Abcam)); rabbit α-H3.3
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polyclonal (17 µg, 09-838 (Millipore)).

2.5.3

Next Generation Sequencing

Sequencing libraries were generated and barcoded for multiplexing according to Illumina recommendations with minor modifications. Briefly, 2-15 ng Input or ChIP DNA was end-repaired and
A-tailed. Illumina Truseq adapters were ligated, libraries were size-selected to exclude polynucleosomes, and the libraries were PCR-amplified using Phusion polymerase. All steps in library
preparation were carried out using NEB enzymes. Resulting libraries were submitted for 100 bp,
paired-end Illumina sequencing on a HiSeq 2000 instrument.

2.5.4

ChIP-seq Data Processing

Paired-end ChIP-seq reads were aligned to the human genome build hg19 with Bowtie2 version 2.0.0
using paired-end mode. Reads were aligned using a seed length of 50 bp and only the single best
alignment per read with up to 2 mismatches was reported in the SAM file. The aligned mate pairs
were joined in MATLAB using the ‘localalign’ function (to determine the overlapping region between
the reads [requiring ≥95% overlap identity]) (Fig. 2.6). Duplicate read removal was carried out using
the ‘rmdup’ command in SAMtools. To create nucleosome occupancy maps at neocentromeres, all
joined reads were aligned to the neocentromere and number of reads that align with 100% identity
are plotted for each particular base pair along the neocentromere coordinate (Fig. 2.6B). For analysis
of α-satellite DNA, all joined reads were aligned to the dimerized α-satellite consensus sequence and
those reads aligning with ≥60% identity were chosen for further analysis (Fig. 2.10A,B).

2.5.5

Annotated α-satellite Analysis

Paired-end ChIP-seq reads were aligned to the Chromosome X or Chromosome Y HOR with Bowtie2
version 2.0.0 using paired end mode. Reads were aligned using a seed length of 50 bp and only
the single best alignment per read with 0 mismatches was reported in the SAM file. The 2.0 kb
Chromosome X HOR was previously described elsewhere [49]. The 5.8 kb Chromosome Y HOR
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was determined by performing dot blot analysis on the annotated portion of the centromere on
chromosome Y in the human genome build hg19.

2.5.6

Statistical Correlation Analysis

Pairwise Pearson correlation coefficients between nucleosome occupancy maps of various size classes
(and between randomly generated datasets) at the neocentromeres were determined using MATLAB.
p-values were determined using the Student’s T-test by transforming the correlations to a t-statistic
having n-2 degrees of freedom.

2.5.7

Molecular Modeling

Molecular models were generated using PDB ID 1KX5 and 1ZBB for the H3 containing particles and
3AN2 for CENP-A containing particles. Models of tetrasomes and hemisomes with crossed DNA
were generated using linker DNA from 1ZBB and minimized using CNS [259,260]. The model of the
CENP-A nucleosome core particle was generated using DNA from 1KX5. The point in space of DNA
crossing was determined as the shortest distance along the projection angle of the DNA between
entry and exit sites. All molecular structure figures were generated using PyMOL (www.pymol.org).

2.5.8

FISH and qPCR

ChIP DNA FISH probes were generated and used for metaphase FISH as previously described [238].
Quantitative real-time PCR (qPCR) was performed as previously described [236].
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Chapter 3: Feedback Control in Sensing Chromosome Biorientation by
the Aurora B Kinase

3.1

Abstract

Maintenance of genome stability during cell division depends on establishing correct attachments
between chromosomes and spindle microtubules. Correct, bi-oriented attachments are stabilized,
while incorrect attachments are selectively destabilized. This process relies largely on increased
phosphorylation of kinetochore substrates of Aurora B kinase at misaligned versus aligned kinetochores. Current models explain this differential phosphorylation by spatial changes in the position
of substrates relative to a constant pool of kinase at the inner centromere. However, these models
are based on studies in aneuploid cells. We show that normal diploid cells have a more robust
error correction machinery. Aurora B is enriched at misaligned centromeres in these cells, and the
dynamic range of Aurora B substrate phosphorylation at misaligned versus aligned kinetochores is
increased. These findings indicate that in addition to Aurora B regulating kinetochore-microtubule
binding, the kinetochore also controls Aurora B recruitment to the inner centromere. We show that
this recruitment depends on both activity of Plk1, a kinetochore-localized kinase, and activity of
Aurora B itself. Our results suggest a feedback mechanism in which Aurora B both regulates and is
regulated by chromosome attachment to the spindle, which amplifies the differential phosphorylation
of kinetochore substrates and increases the efficiency of error correction.

3.2

Introduction

Proper chromosome segregation during cell division is essential to maintain genome stability. The
centromere is the chromosomal locus that directs this process and is the site of formation in mitosis of the kinetochore that mediates attachment to the microtubule-based spindle [3, 4]. Prior to
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segregation, sister kinetochores are bound by microtubules emanating from opposite spindle poles
(biorientation), which is achieved through a trial-and-error process. Correct kinetochore-microtubule
attachments exert tension across the centromere and are stabilized, while those that lack tension
are selectively destabilized by the action of the Aurora B kinase, which phosphorylates kinetochore
targets such as the KMN components to reduce microtubule binding [150, 151, 197, 210]. The effectiveness of this trial and error process should depend on the magnitude of the kinetochore switch
from phosphorylation to dephosphorylation, which determines the differential stability of correct
and incorrect attachments. Current models for how this switch functions are based on the position
of Aurora B, along with its binding partners in the chromosome passenger complex (CPC), at the
inner centromere. The CPC localizes to the chromatin between sister kinetochores. Bi-oriented sister kinetochores are under tension and spatially separated from the kinase at the inner centromere.
Therefore, even when kinase activity is constant, phosphorylation of kinetochore substrates is reduced to stabilize correct attachments [220]. This model is based on experiments in aneuploid cell
lines, such as HeLa and U2OS, which may have a less effective error correction machinery compared
to cells that maintain a normal chromosome complement.

3.3
3.3.1

Results
Normal diploid cells have a more robust error correction machinery
and enriched Aurora B at misaligned centromeres

To compare the efficiency of error correction in different cell lines, we used an established assay
to accumulate monopolar cells by reversible chemical inhibition of kinesin-5 using monastrol [261].
Such treatment generates a large number of attachment errors (i.e. both sister kinetochores attached
to the single spindle pole), which are corrected when monastrol is removed and the spindle becomes
bipolar. This error correction pathway requires Aurora B-mediated destabilization of incorrect
attachments [202]. We measured the number of cells containing misaligned chromosomes 45 min
after monastrol withdrawal and found that HeLa cells are greater than two times more likely to
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have misaligned chromosomes than diploid retinal pigment epithelial (RPE) cells (31%, HeLa; 12%,
RPE) (Figure 3.1A). To test whether the Aurora B error correction pathway functions differently
in these cell lines, we measured the sensitivity to partial Aurora B inhibition using a small molecule
inhibitor of Aurora B kinase activity, ZM447439 (ZM) [199]. At 500 nM ZM, ∼60% of HeLa cells
contain misaligned chromosomes one hour after monastrol withdrawal as compared to only ∼5%
in RPE cells (Figures 3.1B and 3.2A-D). In addition, diploid primary fetal fibroblasts (FF) are
insensitive to ∼500 nM ZM, whereas this treatment causes aneuploid U87MG glioblastoma cells
to have substantially more mitotic errors (Figures 3.1B and 3.2E). These results demonstrate that
RPE and FF cells have a more robust, Aurora B-dependent error correction machinery compared
to HeLa and U87MG cells.
Because of the importance of Aurora B localization for the error correction mechanism, we
compared endogenous Aurora B staining in the diploid and aneuploid cell lines. Aurora B localizes
to the inner centromere in all cases, but it is dramatically enriched (∼three-fold) at misaligned
centromeres compared to aligned centromeres in RPE and FF cells (Figure 3.1C,D). We found a
similar enrichment in another diploid fibroblast cell lines (Figure 3.2F), but not in HeLa or U87MG
cells (Figure 3.1E,F). One possible cause for the difference in Aurora B behavior between aneuploid
and diploid cell lines is a fixed pool size of Aurora B protein and a variable number of chromosomes in
each cell. Indeed, the pool size of Aurora B protein has been reported to be similar between the HeLa,
RPE, and U87MG cell lines [264], and we also found that FF cells have similar amounts of Aurora
B protein (Figure 3.2G). Despite the similar levels of Aurora B found in all four of the cells lines we
examined, both HeLa (super-diploid) and U87MG (pseudo-/sub-diploid) lack Aurora B enrichment
on misaligned chromosomes that we observe in the diploid cell lines (RPE and FF)(Figure 3.1G).
These findings strongly suggest that differences in chromosome number, or chromosome load, of
each cell is not the basis for the absence of Aurora B enrichment on the centromeres of misaligned
chromosomes in HeLa and U87MG cells.
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Figure 3.1: Efficient mitotic error correction, resistance to Aurora B inhibition,
and enrichment of Aurora B at misaligned centromeres in healthy, diploid cells but
not in aneuploid cells. (A) The percentage of HeLa and RPE cells containing misaligned
chromosomes was quantified at 45 min following monastrol withdrawal. Error bars represent
standard error of the mean. (B) The percentage of each cell type containing misaligned chromosomes with an intermediate dose of ZM (500 nM) at one hour following monastrol withdrawal.
Error bars represent standard error of the mean. (C-F) Representative images of RPE (C),
FF (D), HeLa (E), and U87MG (F) cells stained for Aurora B with misaligned chromosomes
and a clearly discernable metaphase plate are shown. Insets show 4X magnified views of the
boxed area. Quantitation of Aurora B levels is shown for each cell line at misaligned (blue)
and aligned (red) chromosomes. Error bars represent standard error of the mean. Scale bars =
2 µm. (G) Each cell line is plotted as Aurora B enrichment on the centromeres of misaligned
chromosomes versus the chromosome number per cell (each data point represents a single cell).
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Figure 3.2: Efficient mitotic error correction, resistance to Aurora B inhibition,
and enrichment of Aurora B at misaligned centromeres in healthy, diploid cells but
not in aneuploid cells. (A) Scheme for testing sensitivity to ZM in various cell lines. (B)
The percentage of HeLa and RPE cells containing misaligned chromosomes was quantified at a
range of concentrations of ZM at one hour following monastrol withdrawal. Error bars represent
standard error of the mean. ZM is specific for Aurora B over Aurora A [262], and 2 M ZM
does not inhibit Aurora A based on Thr-288 phosphorylation [263]. Therefore our results with
500 nM ZM are unlikely to be a result of Aurora A inhibition. (C,D) Representative fields of
HeLa (C) and RPE (D) cells after one hour of recovery from monastrol but in the presence of
ZM (500 nM). Cells labeled 1-3 are magnified 4X in the insets. DNA is stained with DAPI in
blue, centromeres with ACA in red, and microtubules (MT) in green. Scale bars = 10 µm. (E)
The percentage of HeLa, U87MG, RPE, and FF cells containing misaligned chromosomes was
quantified at a range of concentrations of ZM at one hour following monastrol withdrawal. (F)
Representative image of healthy, diploid PD-NC4 cells stained for Aurora B with misaligned
chromosomes and a clearly discernable metaphase plate is shown. Insets show 4X magnified
views of the boxed area. Scale bar = 2 µm. (G) Immunoblot showing total Aurora B levels
in mitotic cells in various cell lines. Note that total Aurora B levels remain relatively constant
between healthy, diploid cell lines and the aneuploid HeLa cell line.

To study the dynamics of Aurora B recruitment to centromeres in relation to chromosome alignment status, we generated an RPE cell line stably expressing GFP-tagged Aurora B. Multiple lines
of evidence suggest that the fusion protein is functional: 1) endogenous Aurora B is heavily downregulated in the cells that express sufficient levels of GFP-Aurora B to replace the endogenous
pool, so that the vast majority of Aurora B expressed is the GFP-tagged version (Figure 3.3A),
2) immunoprecipitation copurifies endogenous INCENP, the closest partner of Aurora B in the
CPC [226,265], to the extent that it depletes detectable INCENP from the cell lysate (Figure 3.3B),
and 3) the immunoprecipitated Aurora B phosphorylates histone H3 on serine 10 (Figure 3.3C),
a well known substrate for Aurora B [266]. We then used the monastrol washout assay because
it allowed us to examine many examples of misaligned and aligned chromosomes simultaneously
and to track Aurora B levels in real time as chromosomes align. We found a three- to four-fold
enrichment of GFP-Aurora B at misaligned centromeres (Figure 3.3D-F), similar to our result for
endogenous Aurora B in fixed cells (Figure 3.1C). By tracking individual centromeres, the live cell
studies revealed a switch-like mechanism based on attachment status, where Aurora B levels sharply
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drop upon proper alignment (Figure 3.3D). Furthermore, the switch is reversible, as Aurora B levels
drop when a centromere aligns, rise again when the same centromere loses attachment, evidenced
by an excursion of ∼2 µm from the spindle equator, and then drop again when the chromosome
aligns a second time (Figures 3.3D [blue arrow] and 3.3E,F [blue data points]). We find a tight
temporal coupling between alignment status (either initial alignment, subsequent misalignment, or
realignment) and Aurora B enrichment on individual centromeres (Figure 3.3D-F). We also find a
similar alignment-coupled reduction of Aurora B levels at mitotic centromeres in the absence of any
chemical perturbation (Figure 3.4A,B). Furthermore, the loss of all stable kinetochore/microtubule
attachments following the addition of the microtubule depolymerizing agent, nocodazole, leads to
global Aurora B centromere enrichment within 1-4 minutes (Figures 3.3G,H and 3.4C).

3.3.2

CPC enrichment at misaligned centromeres amplifies the preferential phosphorylation of kinetochore substrates

To test whether Aurora B enrichment at misaligned centromeres leads to increased phosphorylation
of kinetochore substrates, we measured phosphorylation of Dsn1, a component of the KMN network
and an established Aurora B substrate involved in microtubule binding [210], at Ser100. Using a
previously characterized phospho-specific antibody [210], we measured the increase of phosphorylation on Dsn1 at Ser100 on misaligned kinetochores relative to aligned kinetochores at the metaphase
plate after monastrol washout. The dynamic range of this differential phosphorylation is substantially greater in RPE cells (∼6-fold; Figure 3.5A,B) than in HeLa cells using this assay (∼2-fold;
Figure 3.5C,D) or what was previously reported in unperturbed HeLa cells (1.4-fold; [210]). Taken
together, these findings indicate that Aurora B recruitment amplifies the increased phosphorylation
of kinetochore substrates at misaligned centromeres, which is a crucial part of the error correction
mechanism.
The increased Dsn1 phosphorylation could be due solely to kinase enrichment on unaligned
centromeres, or kinase activation could also contribute as suggested in some models. To test this
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Figure 3.3: Aurora B levels at centromeres drop upon chromosome alignment but
rapidly increase if proper attachments are lost. (A) Replacement of the vast majority of endogenous Aurora B in RPE cells with a stably expressed GFP-tagged version. (B)
Co-immunoprecipitation of GFP-Aurora B and endogenous INCENP. (C) GFP-Aurora B immunoprecipitation contains active Aurora B kinase t hat potently phosphorylates recombinant
histone H3 on serine 10. Molecular weights (kDa) are indicated in panels A, B and C. (D) Individual images from live cell imaging following monastrol washout in GFP-Aurora B-expressing
RPE cells. Three centromeres exhibiting different alignment kinetics are tracked with colored arrows. Time represents duration following withdrawal of monastrol. Dashed lines show
the position of the metaphase plate that was first discernable at ∼500 s following monastrol
washout. (E) Quantification of Aurora B levels over time at same three centromeres tracked
in panel D using the same color scheme. Roman numerals indicate time points of still images
shown in panel D. (F) Plots of fluorescence intensity for each centromere versus distance from
metaphase plate for each centromere with coloring as in panels D and E. The first timepoint
shown in this panel is 510 s (indicated by the three arrowheads with colors corresponding to
each chromosome), the first time point at which the metaphase plate is discernable. Note that
the quickly aligning chromosome (green) has already reached the metaphase plate by 510 s and
remains aligned throughout the remainder of data acquisition. The green dashed line indicates
the initial fluorescence intensity of GFP-Aurora B on the quickly aligning chromosome. Arrows
indicate the direction of the time dimension with data points representing each time increment
measured (see panel E). (G) Individual timepoints of a metaphase cell prior to and following
(with the indicated timepoints) nocodazole addition. Scale bar = 2µm in panels D and G. (H)
Quantification of Aurora B levels at all centromeres from panel G, in aggregate. The levels
prior to nocodazole addition are indicated with a dashed line.

possibility, we first generated a phospho-specific antibody against the C-terminal TSS motif of
human INCENP (Figure 3.6A,B). This motif is both an Aurora B substrate and a crucial part of
the mechanism of kinase activation [224–226], and is therefore a useful marker for kinase activation.
We found that phospho-INCENP staining is enriched ∼3-fold at misaligned centromeres of RPE cells
(Figure 3.6C,E), consistent with Aurora B enrichment (Figure 3.1C). Total INCENP protein levels
are also enriched to a similar extent (Figure 3.6D,F). The strongly correlating localization of INCENP
and Aurora B is expected since the CPC is a single functional module where all four components
transit together [225, 267, 268]. Furthermore, the quantitative similarity between INCENP and
phospho-INCENP enrichment suggests that Aurora B is recruited to misaligned centromeres but
not further activated.
Basal CPC recruitment to the inner centromere involves local chromatin modifications including
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Figure 3.4: Live-cell imaging demonstrating dynamic feedback of Aurora B. (A,B)
Individual timepoints of two different cells undergoing an unperturbed mitosis in the absence
of drug treatment along with quantification of Aurora B levels at all centromeres, in aggregate.
The white dashed line indicates position of the metaphase plate. (C) Individual timepoints of
a metaphase cell prior to and following (with the indicated timepoints) nocodazole addition
along with quantification of Aurora B levels at all centromeres, in aggregate. The levels prior to
nocodazole addition are indicated with a dashed line. The white dashed line indicates position
of the metaphase plate. Scale bars = 2 µm.
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Figure 3.5: Aurora B enrichment at misaligned chromosomes leads to increased
phosphorylation of Dsn1 and is a dominant feature of RPE cytoplasm. (A-D) RPE
(panels A and B) and HeLa (panels C and D) cells were subjected to monastrol washout, fixed
and stained for immunofluorescence. Representative images are shown in panels A and C and
quantification is shown in panels B and D of levels of Dsn1 phosphorylated at Ser100. CENP-C
is used as a kinetochore marker. In all cases, the relative intensity of the target at aligned
chromosomes is normalized to 1 A.U. The insets are 2X magnified views of the boxed area.
Black dashed lines (B and D) indicate the mean of relative intensity for each population. (E)
Scheme for cell fusion experiments starting with HeLa and RPE cells stably expressing CENP-A
fusion proteins (HA-tagged in HeLa and YFP-tagged in RPE) that mark the cell line of origin
for every chromosome in our analysis. (F) Quantification of INCENP levels on adjacent coseeded (but unfused) cells imaged on the same coverslip. Error bars represent standard error
of the mean. (G) Quantification of INCENP levels on misaligned and aligned chromosomes
originating from the indicated cell line in fused RPE:HeLa cells. Error bars represent standard
error of the mean. (H) Image of a fused RPE:HeLa cell. The insets are 3X magnified views of
the boxed area. Scale bars = 2 µm in panels A, C, and H.

phosphorylation of histone H3 on Thr3 by the haspin kinase [180–182] and phosphorylation of
histone H2A on Thr120 by the Bub1 kinase [182, 184]. We find that phH3-T3 is not enriched on
misaligned chromosomes of RPE cells that contain high levels of Aurora B (Figure 3.7A,D-F). On
the other hand, phH2A-T120 is heavily enriched on the centromeres of misaligned chromosomes in
RPE cells, corresponding to the centromeres with high levels of Aurora B (Figure 3.7B,G-I). Neither
phH2A-T120 nor Aurora B is enriched on the centromeres of the misaligned chromosomes of HeLa
cells (Figure 3.7C,J-L). The correlation between Aurora B levels and the amount of phH2A-T120
staining suggests a potential link between this particular chromatin modification and the specific
recruitment of Aurora B to the centromeres of the chromosomes requiring its mitotic error correction
activity.

3.3.3

CPC enrichment on the centromeres of misaligned chromosomes is
dominant in fused cells

Our findings suggest either that changes to centromeres in aneuploid cells render them unable to
enrich the CPC on misaligned chromosomes, or that aneuploid cells have lost a diffusible/exchangeable factor(s) that contributes to CPC enrichment. To distinguish between these possibilities, we
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Figure 3.6: Aurora B and other CPC components are enriched at misaligned chromosomes in healthy, diploid cells. (A) Immunoblots probed with phospho-specific INCENP
antibody. Recombinant human INCENP834-902 was incubated in the presence of recombinant
human Aurora B with either ATP or phosphatase and subjected to SDS-PAGE prior to immunoblot analysis. (B) Representative images of cells stained with phospho-specific INCENP
antibody in the presence and absence of ZM treatment. (C-F) RPE (C,D) and HeLa (E,F) cells
were subjected to monastrol washout, fixed and stained for immunofluorescence. Representative
images along with quantification of levels of phINCENP (panels C, E) and INCENP (panels D,
F) are shown. The relative intensity of the target at aligned chromosomes is normalized to 1
A.U. Error bars represent standard error of the mean. Scale bar = 2 µm for panels B-F.

fused RPE cells stably expressing YFP-CENP-A with HeLa cells stably expressing HA-CENP-A
(Figure 3.5E). CENP-A in flies and humans is exclusively targeted to centromeres at mitotic exit
and the G1 phase of the cell cycle [90,92], so in all of the mitotic cells that we monitor within 9 hours
of cell fusion, each centromere is loaded with a tagged CENP-A that indicates the cell line of origin
on every chromosome. For cells that are co-seeded without inducing fusion, we measured INCENP
levels on adjacent cells on the same coverslip and found enrichment on misaligned chromosomes only
in the RPE cells (Figures 3.5F and 3.8A), mirroring our findings in earlier experiments that compared cells imaged on separate coverslips (Figure 3.6D,F). In fused cells, however, all centromeres
showed equivalently robust recruitment of INCENP (Figure 3.5G,H) and Aurora B (Figure 3.8B),
regardless of whether the chromosome originated from HeLa or RPE cells. Thus, the deficiency in
HeLa cells in recruiting high levels of the CPC to misaligned chromosomes is ameliorated by the
cytoplasm of a healthy, diploid RPE cell.

3.3.4

Plk1 and Aurora B activities are required for Aurora B enrichment

It is well established that Aurora B at the inner centromere signals to the outer kinetochore to
regulate microtubule attachments. Our results suggest that there is also signaling in the opposite
direction, as the kinetochore attachment state controls Aurora B recruitment to the inner centromere.
Several kinetochore components are enriched at kinetochores early in mitosis and removed from
each chromosome upon alignment at the spindle equator. We focused on kinases that exhibit this
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Figure 3.7: Caption next page.
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Figure 3.7: phH2A-T120 but not phH3-T3 is enriched on the centromeres of misaligned chromosomes.(A) Immunofluorescence of a representative RPE cell, staining for
phH3-T3 and Aurora B. (B) Immunofluorescence of a representative RPE cell, staining for
phH2A-T120 and Aurora B. (C) Immunofluorescence of a representative HeLa cell, staining for
phH2A-T120 and Aurora B. (D-L) Quantification of phH3-T3 and AurB in RPE cells (D-F),
phH2A-T120 and AurB in RPE cells (G-I), and phH2A-T120 and AurB in HeLa cells (J-L).
Quantification in panel D is for cell shown in panel A. Quantification in panel G is for cell
shown in panel B. Quantification in panel J is for cell in panel C. Misaligned chromosomes are
indicated with red circles. Scale bar = 2 µm for panels A-C.
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Figure 3.8: Enrichment of Aurora B at misaligned chromosomes is a dominant
feature of the RPE cytoplasm.(A) RPE cells stably expressing YFP-CENP-A and HeLa
cells stably expressing HA-tagged CENP-A were co-seeded and subjected to monastrol washout,
fixed and stained for immunofluorescence. Representative images are shown and quantification
is in Figure 3.5F. (B) RPE cells stably expressing GFP-AurB and HeLa cells stably expressing
HA-tagged CENP-A were co-seeded and subjected to the fusion scheme similar to the one
outlined in Figure 3E. A representative image is shown along with quantification. The insets
are 3X magnified views of the boxed area. Error bars represent standard error of the mean.
Scale bar = 2 µm.

behavior, as potential regulators that might modulate Aurora B levels at the inner centromere. Both
Plk1 and Mps1 kinases are attractive candidates because of their dynamic kinetochore localization
[269–271] and known interactions with CPC components [232,272–274]. To test if either Plk1 or Mps1
is required for enrichment of Aurora B on misaligned centromeres, we took advantage of the temporal
control possible with chemical inhibitors: BI2536 [275] for Plk1 and Reversine for Mps1 [274]. Using
these inhibitors allowed us to examine only 15 min of inhibition in the monastrol washout assay
(Figure 3.9A), a brief time window that minimizes effects on kinetochore microtubules, for example
those that arise after prolonged BI2536 treatment [271, 276]. We compared aligned centromeres,
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which are stretched by bipolar attachment to the spindle (i.e., interkinetochore distances of 1.5-1.7
µm) to misaligned centromeres. Inhibition of Plk1 (Figure 3.9B) but not Mps1 (Figure 3.10AD) largely eliminates the Aurora B enrichment on misaligned centromeres (Figure 3.9C). BI2536
treatment did not prevent H3-T3 or H2A-T120 phosphorylation at centromeres (Figure 3.10E,F),
indicating that Plk1 inhibition does not lead to loss of the histone phosphorylations known to recruit
the CPC.
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Figure 3.9: Caption next page.

Since Aurora B, itself, is proposed to be a key sensor of chromosome attachment status, we tested
if its kinase activity is required for its own enrichment on misaligned chromosomes. An earlier report
in X. laevis cultured cells found that centromeres with distorted Ndc80 foci, interpreted as merotelic
attachments, recruit higher levels of Aurora B in a manner that is independent of Aurora B kinase
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Figure 3.9: Plk1 and Aurora B activity are each required for enrichment of Aurora
B at misaligned centromeres. (A) Scheme for testing a requirement for Plk1 activity in
modulating the centromere enrichment of Aurora B. (B) Immunofluorescence images of RPE
cells subjected to scheme depicted in A. Interkinetochore distances measured from centroidto-centroid of ACA staining. Insets are 2.5X magnified views of the boxed area. Line scan
quantification and further enlargement of Aurora B staining of the vehicle only control (DMSO)
is shown in Figure 3.10I. (C) Quantification of the experiment in panel B. Error bars represent
standard error of the mean. (D,E) RPE cells were incubated in monastrol for two hours,
followed by subsequent monastrol washout in the presence of the Aurora kinase inhibitor, ZM.
Representative image and quantification of Aurora B levels are shown. Relative intensity at
aligned chromosomes is normalized to 1 A.U. Insets are 4X magnified views of the boxed area.
Error bars represent standard error of the mean. Scale bar = 2 µm for panels B and D. (F)
Diagram showing the targeting behavior of Plk1 and centromere enrichment behavior of Aurora
B during error correction and subsequent chromosome alignment. See text for details.

activity [277]. We treated RPE cells with the Aurora B inhibitor ZM and found that Aurora B levels
are no longer enriched at misaligned chromosomes in both fixed and living cells (Figures 3.9D,E and
3.10G,H). Thus, in normal diploid mammalian cells, Aurora B relies on its kinase activity to drive
its own accumulation specifically at the centromeres that require error correction.

3.4

Conclusions

Our findings in normal diploid cells indicate that the Aurora B-based mechanism to destabilize
erroneous connections between kinetochores and spindle microtubules utilizes dynamic modulation of
the levels of the kinase in a chromosome autonomous fashion. The requirement for both Aurora B and
Plk1 activity in the enrichment of Aurora B at the centromere suggests a model for positive feedback
from kinetochores to the inner centromere (Figure 3.9F). Upon formation of bi-oriented kinetochoremicrotubule attachments, Plk1 dissociates from the kinetochore and Aurora B levels rapidly drop
to avoid destabilizing the new correct attachments. The rapid response of Aurora B levels to both
chromosome alignment and then subsequent misalignment (Figure 3.3D-H) is reminiscent of the
kinetochore autonomous enrichment of mitotic checkpoint components, such as Mad1 and Mad2,
with removal upon formation of proper attachments but re-targeting to kinetochores if attachments
are subsequently broken [270, 278, 279]. In the case of Aurora B, a basal pool of the kinase persists
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Figure 3.10: Role of other kinases in the Aurora B enrichment pathway. (A) Scheme
for testing a requirement for Mps1 activity in modulating the centromere enrichment of Aurora
B. (B) Immunofluorescence images of RPE cells subjected to scheme depicted in A. Insets are
6X magnified views of the boxed area. (C) Quantification of Aurora B levels from panel B.
Error bars represent standard error of the mean. (D) Inhibition of Mps1 by reversine following
the scheme shown in panel A produces the described robust chromosome misalignment phenotype that accompanies such treatment [274]. (E,F) Monopolar RPE cells following monastrol
treatment and 15 min BI2536 treatment, as in Figure 3.9, are then stained for phH2A-T120 (E)
or phH3-T3 (F). The strong centromeric staining for each histone mark indicates that BI2536
treatment does not inhibit the ability of Bub1 or Haspin to phosphorylate their respective histone targets. (G) DMSO control done in parallel with samples treated with ZM and shown
in Figure 3.9D. (H) Individual images from live cell imaging in the presence of ZM following
monastrol washout in GFP-Aurora B-expressing RPE cells. Cells were incubated in monastrol,
ZM, and MG132 for 1 h prior to monastrol withdrawal. Time represents duration following
withdrawal of monastrol. The dashed line indicates position of metaphase plate, and the arrow
indicates a slowly aligning chromosome. Scale bar = 2 µm for panels B, E, F, and H. (I) Magnified views and line scan quantification of Aurora B localization relative to the kinetochore
at misaligned and aligned centromeres in RPE cells (examples from cell shown in the DMSO
control in Figure 4B). Note that at misaligned centromeres, a substantial Aurora B signal emanates from the inner centromere to locations very near kinetochores. Upon alignment, Aurora
B remains inner centromeric with the accumulation site of the small remaining pool of Aurora
B centered between the stretched kinetochores. Dash green line indicates the position of the
centroid of the ACA signal (green in the immunofluorescence images). The dashed white line
indicates the region of line scan.

even upon proper chromosome biorientation (Figure 3.1C). We suggest that retention of a basal
pool of the CPC serves three purposes. First, it is required for the structural integrity of the
kinetochore [280]. Second, the well-established passenger behavior of the CPC requires centromere
localization of a fraction of the CPC to deliver Aurora B to the spindle mid-zone after anaphase
onset, where it is needed in late mitosis to direct cytokinesis [175, 281]. Third, because Aurora B
kinase activity is required for its own enrichment at misaligned centromeres, a basal pool is probably
required, since its complete removal upon biorientation would be incompatible with its re-enrichment
in the instance that initial proper connections are lost and/or erroneous attachments are gained.
We favor a simple model for Aurora B sensing of erroneous attachments that utilizes two key
properties of centromeric chromatin: 1) an increase in the spatial separation from the site of Aurora
B enrichment from its kinetochore substrates that is only achieved upon proper chromosome biori-
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entation [220] and 2) the dynamic regulation of the level of Aurora B kinase at centromeres that we
describe in this study. The two properties work together to generate a very large dynamic range of
Aurora B phosphorylation of kinetochore target sites (six-fold on Ser100 on Dsn1; Figure 3.5A,B).
If spatial separation is prevented by artificial targeting of the kinase nearer to its kinetochore targets, Aurora B silencing is not possible [220]. If the regulation of Aurora B levels at centromeres
is absent, the dynamic range of Aurora B activity at kinetochores is substantially narrowed (e.g.
1.9-fold change in phospho-Dsn1 between misaligned and aligned chromosomes in HeLa cells [Figure 3.5C,D; [210]] compared to 6-fold in RPE cells [Figure 3.5A,B]). The presence of the modulatory
mechanism that adjusts Aurora B levels at each centromere correlates, in RPE and FF cells, with
a higher efficiency of error correction and increased robustness to perturbations of Aurora B kinase
activity (Figure 3.1). Normal diploid RPE cells rapidly progress from the onset of mitosis to sisterchromatid separation at the beginning of anaphase [282], relative to aneuploid cell lines such as HeLa
cells. Our data supports the notion that the Aurora B feedback pathway that culminates in enriching the kinase at the centromeres of misaligned chromosomes is a key contributor to efficient mitoses
that progress error free. By supplying high levels of the kinase only at the centromeres that require
destabilization of kinetochore/spindle attachments, initial erroneous chromosome attachments are
rapidly corrected. Upon correct attachment, the corresponding reduced levels of the kinase and the
increased distance from its kinetochore targets switches the centromere to a mode that is stabilized
until all chromosomes are properly aligned and the cell progresses to anaphase. Failure to regulate
Aurora B levels may contribute to the increased aneuploidy frequently observed in cancer cells.

3.5
3.5.1

Methods
Cell Lines

Patient-derived fibroblasts harboring the PD-NC4 chromosome variant (PD-NC4 fibroblasts; [20])
were generously provided by A. Choo (Murdoch Childrens Research Institute, Parkville, Victo-
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ria, Australia) and cultured in DME supplemented with 10% FBS, 100 U/ml penicillin, 100 g/ml
streptomycin, and 100 µg/ml G418. Retinal pigment epithelial (RPE) cells were cultured in DME
supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, and 0.348% sodium
bicarbonate. HeLa and U87MG cells were cultured in DME supplemented with 10% FBS, 100 U/ml
penicillin, and 100 µg/ml streptomycin. Primary fetal fibroblast cells were generously provided by
M. Soo and G. Dreyfuss (Penn) and cultured in DME supplemented with 15% FBS, 100 U/ml
penicillin, 100 µg/ml streptomycin, and 1x MEM essential amino acids (Gibco). RPE cells stably expressing GFP-Aurora B were generated by viral transduction starting with construction of a
pBABE-BLAST [279]-derived retroviral plasmid expressing Aurora B fused to a GFP-containing localization and purification (LAP; [283]) tag. The retroviral plasmid was cotransfected using Effectene
(QIAGEN) with the vesicular stomatitis virus glycoprotein pseudotyping plasmid into 293GP cells
(which express the retroviral gag and pol genes) to generate amphotropic retrovirus [284]. Virus
containing supernatant was harvested 2 days after transfection, passed through a 0.45 µm filter,
mixed with hexadimethrine bromide (Polybrene; 8 g/ml) and incubated with RPE cells overnight.
10 g/ml blasticidin S (EMD) selection was introduced 3 days after infection and continued for 14
days.

3.5.2

Drug Treatments

Cells were incubated with 100 µM monastrol for 2 h to arrest them in mitosis with monopolar
spindles. Cells were incubated in monastrol as above. Monastrol was subsequently withdrawn,
and cells were incubated with the proteasome inhibitor, 10 µM MG132. For the Aurora B kinase
activity assay, monastrol was withdrawn and RPE cells were incubated in 10 µM MG132, either in
the presence or absence of 3.3 µM ZM [199]. For the Plk1 inhibition assay, 100 nM BI2536 [271]
was used as in the experimental scheme shown in Figure 3.9A. For the Mps1 inhibition assay, 500
nM Reversine [274] was used as in the experimental scheme shown in Figure 3.10A. For measuring
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ZM sensitivity, RPE or HeLa cells were first incubated in monastrol as above. Monastrol was
subsequently withdrawn and cells were incubated with 10 µM MG132 in the presence of 0 nM, 300
nM, 500 nM, 750, nM or 1000 nM ZM for 1 h.

3.5.3

Cell Fusions

Cell fusion assays were performed as described previously [90] and as outlined in Figure 3E. Briefly,
HeLa cells stably expressing HA-tagged CENP-A were co-seeded with RPE cells stably expressing
either YFP-tagged CENP-A or GFP-tagged Aurora B on poly-lysine coated coverslips. Cells were
fused with 50% PEG-1500 (Roche) for 30 s and subsequently washed in PBS and allowed to recover
in growth media for 6 h prior to monastrol washout and processing for immunofluorescence. All
analysis of fused cells were restricted to cells that had a clearly-defined bipolar metaphase plate.

3.5.4

Indirect Immunofluorescence

Cells were fixed in 4% formaldehyde for 10 min and processed for indirect immunofluorescence using
the indicated primary antibodies. Anti-Aurora B (anti-AIM1; BD) purified mAb was used at 0.25
µg/ml, anti-INCENP (Active Motif) purified mAb was used at 0.2 µg/ml, anti-INCENP (Abcam)
rabbit pAb was used at 4.6 µg/ml, anti-HA.11 (Covance) purified mAb was used at 1 µg/ml, anti
phH3-T3 (Abcam) rabbit pAb was used at 0.1 µg/ml, anti-phH2A-T120 (generously provided by
Y. Watanabe, University of Tokyo) rabbit pAb was used at 1:1000, anti-phospho-Dsn1 (Ser100;
generously provided by I. Cheeseman, Whitehead Institute, Cambridge, MA)-rabbit pAb was used
at 1 µg/ml, and human ACAs (Antibodies, Inc.) were used at 4 µg/ml. The phospho-specific
rabbit polyclonal antibody against Ser893/Ser894 in INCENP was generated by Open Biosystems
against immunizing phosphorylated peptide
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RYHKRT(pS)(pS)AVWNSPC901 and was used at

1:1000. FITC-, Cy3-, and Cy5-conjugated secondary antibodies were obtained from Jackson ImmunoResearch Laboritories, Inc and were used at 1:200. Samples were stained with DAPI before
mounting with Vectashield medium (Vector Laboratories). Staining for phH2A-T120 and phH3-T3
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was performed using a cytospin method as described [182]. Digital images were captured at 23C
using software (LAF; Leica) by a charge-coupled device camera (ORCA AG; Hamamatsu Photonics)
mounted on an inverted microscope (DMI6000B; Leica) with a 100x 1.4 NA objective. For each sample, images were collected at 0.2 µm z-sections that were subsequently deconvolved using identical
parameters. Exposure conditions were kept constant between control and drug-treated cells. The
z-stacks were projected as single two-dimensional images and assembled using PhotoShop (version
12.0; Adobe) and Illustrator (version 15.0; Adobe). To quantitate fluorescent intensity, individual
foci were selected and the integrated intensity was determined after subtracting the background
fluorescence measured from adjacent regions of the cell using ImageJ. Centromeres/kinetochores of
misaligned and aligned chromosomes from 10-20 cells were measured in all cases where averaged
values are shown.

3.5.5

Live Cell Fluorscence Microscopy

For live imaging, LAP-Aurora B RPE cells were plated on 22 x 22 mm no. 1.5 glass coverslips (Fisher
Scientific) coated with Poly-D-lysine (Sigma). Coverslips were mounted in custom designed Rose
chambers, using L-15 medium without phenol-red (Invitrogen). Temperature was maintained at 37C
using an environmental chamber (Pecon). All images were acquired on a Leica DM4000 microscope
with a 100x 1.4 NA objective, an XY-piezo Z stage (Applied Scientific Instrumentation), a spinning
disk confocal (Yokogawa), an electron multiplier CCD camera (Hamamatsu ImageEM), and an
LMM5 laser merge module (Spectral Applied Research), controlled by MetaMorph. For monastrol
washout experiments, LAP-Aurora B RPE cells were incubated with 100 µM monastrol, in the
presence of other drugs where indicated, for 1-2 h. Monastrol was washed out on the microscope
stage and image acquisition was begun after 3-5 min. For nocodazole addition experiments, LAPAurora B RPE cells were incubated in 10 µM MG132 for 1 h, followed by addition of 1 µg/ml
nocodazole on the microscope stage. Images were collected as 0.5-1.0 m z-sections. Fluorescence
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intensity from Aurora B foci at individual centromeres was quantitated as described above. Distances
from the metaphase plate were measured in ImageJ. Images represent maximal-intensity projections
generated in ImageJ.

3.5.6

Immunoprecipitations

For immunoprecipitations using anti-GFP antibodies, the RPE cells stably expressing Aurora BGFP were arrested for 14 hours with 50 ng/ml nocodazle and mitotic cells were harvested by mitotic
shake-off. The cells were lysed in IP buffer (50 mM Tris-HCl, pH 7.4; 0.4 M NaCl; 0.5% Triton X100; 0.1% digitonin; 30 µg/ml RNase A; 80 U/ml micrococcal nuclease; 1 mM PMSF, 1X Roche
complete protease inhibitor cocktail) for 20 min on ice. The cleared extract was incubated with
affinity purified anti-GFP antibody (Covance) or nonspecific rabbit IgG (Sigma) coupled to protein
A beads (Biorad) for 5 h at 4◦ C on a rotating wheel. The beads were washed twice with IP buffer
without RNase and micrococcal nuclease and once with 10 mM Tris-HCl pH 7.4, 150 mM NaCl.
The resulting beads used for immunoblots and kinase reactions (see below).

3.5.7

Immunoblots

To prepare mitotic cell lysates for immunoblotting, cells were arrested with 50 ng/ml nocodazole for
14 hours. Mitotic cells were harvested by shake-off, rinsed twice with Hepes buffered saline (HBS),
and lysed by addition of 2X Laemmli sample buffer. Cell lysates were homogenized by sonication
and boiled. Lysates were diluted in sample buffer to normalize across all cell lines to a final concentration of 650 cell/µl. Blots were probed using the following antibodies: rabbit anti-phospho-specific
INCENP (1:2000), mouse anti-Aurora B (BD, 1:4000), rabbit anti-INCENP (Abcam, 1:4000), rabbit
anti-Survivin (Novus, 1:4000), mouse anti-tubulin (Sigma, 1:10,000), mouse anti-phH3-S10 (Millipore, 1:4000), and rabbit anti-GFP (Covance, 1:4000). Antibodies were detected using a horseradish
peroxidase-conjugated secondary antibody at 1:10,000 (Jackson ImmunoResearch Laboratories) and
enhanced chemiluminescence (Thermo Scientific). For the in vitro kinase assays to determine the
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antibody specificity, recombinant human Aurora B kinase and recombinant human INCENP834−902
proteins were expressed and purified as described previously [226].

3.5.8

Kinase Reactions

Kinase reactions were carried out in kinase buffer (TBS, 1 mM EDTA, 1 mM DTT, 100 µM ATP, 10
mM MgCl2 ) for 1 h at 30◦ C. Phosphatase treatments were carried out using PP1 (NEB) in NEBuffer
for PMP (NEB) supplemented with 1 mM MnCl2 (NEB) for 1 h at 30◦ C. Reactions were subjected to
SDS-PAGE and transferred onto PVDF membranes and processed for immunoblotting. For kinase
reactions to test GFP-Aurora B functionality, anti-GFP IP beads and nonspecific IgG IP beads (see
above) were incubated with 0.2 mg/mL purified, recombinant human H3/H4 tetramers [62] and 0.1
mM ATP in kinase reaction buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2 , 1 mM
DTT and 2 mM EDTA) at 30◦ C for 90 min. Reactions were terminated by addition of 2X Laemmli
sample buffer and boiled for 10 minutes and processed for immunoblotting.
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Chapter 4: Conclusions and Future Directions

4.1

Conclusions

The work detailed in this thesis has advanced our knowledge on two extremely important contributors to accurate chromosome segregation. My work advances our fundamental knowledge on the
nature of the CENP-A nucleosome which specifies the location of the centromere and builds the
platform for the kinetochore. Using a unique blend of in vitro, genomic sequencing, and novel bioinformatic approaches to probe structure, we were able to resolve an ongoing controversy regarding the
composition and stoichiometry of the CENP-A nucleosome by demonstrating that the major form
of the CENP-A particle is the octameric nucleosome. Uncovering this knowledge of the structure
of the fundamental unit of centromeric chromatin has allowed us to continue investigation into how
CENP-A nucleosomes are distinguished from H3 nucleosomes to specify the centromere. Additionally, we were able to provide insight into the organization of CENP-A nucleosomes at functional
centromeric chromatin. This thesis work also advances our understanding of the dynamic regulation
of the CPC—an upstream regulator of kinetochore-microtubule attachments. It uncovers differences
in the fundamental biology of the CPC between diploid and aneuploid cells. This has led us to update the model for how the CPC senses incorrect attachments in diploid cells which had previously
been missed in studies using aneuploid cell lines. Overall, the findings described in my thesis have
vastly expanded our knowledge of how the centromere—and thus the kinetochore—is specified, in
addition to how the microtubule attachments made to the kinetochores are regulated.
In the work described in Chapter 2 of this thesis, we sought to determine the major form of the
CENP-A-containing particle at functional centromeres. We began by using existing data from X-ray
crystal structures to make strong predictions for how much DNA could be protected by the various
proposed CENP-A-containing particles. Digestion with MNase of in vitro recombinant CENP-A
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and H3 particles of known composition verified that our predictions were in fact accurate and this
encouraged us to pursue an extremely creative, yet simple and elegant, method to probe the structure
of the CENP-A particle in human cells. We immunoprecipitated MNase-digested CENP-A chromatin
and coupled this to ChIP-seq to determine that CENP-A particles protect a length of DNA entirely
consistent with an octameric nucleosome. Additionally, we were able to confirm that the octameric
CENP-A nucleosomes have loose DNA termini which could help distinguish these nucleosomes from
canonical H3 nucleosomes. This was the first time CENP-A nucleosome positions were determined
with base pair resolution throughout the human genome. At three different, naturally-occurring
stable neocentromeres, we learned that CENP-A nucleosomes are present in 60-100 kb domains that
have distinct boundaries, and within each domain, the CENP-A nucleosomes are located at discrete
positions. Additionally, we generated a novel bioinformatics approach to study CENP-A positioning
at endogenous α-satellite regions. By aligning CENP-A nucleosome reads to an α-satellite consensus
dimer, we found that CENP-A nucleosomes have a strongly preferred position along the 171-bp αsatellite monomer. The preferred position of CENP-A nucleosomes seems to be influenced by the
presence of CENP-B binding to the CENP-B box on α-satellite DNA. However, unexpectedly, the
CENP-A nucleosome is not positioned evenly between the CENP-B boxes, rather it is positioned
closer to the CENP-B box on its 5’ end. We concluded that the uneven positioning of CENP-A
nucleosomes causes asymmetric unwrapping of its terminal DNA upon CENP-B binding. This led
us to speculate that CENP-A, CENP-B and α-satellite DNA work synergistically to allow CENP-A
to be poised in a manner where its terminal DNA is unwrapped such that it can be distinguished
from H3 nucleosomes to specify the centromere.
At the outset of the work described in Chapter 3, we were intrigued by the fact that normal diploid
cells had a more robust mitotic error correction machinery than aneuploid cells. We reasoned that
differential CPC regulation between aneuploid and diploid cells might be a root cause of the crippled
error correction in aneuploid cells. This led us to discover that Aurora B levels at centromeres of
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misaligned chromosomes in diploid cells were enriched relative to its levels at aligned centromeres, a
feature that was not present in aneuploid cell lines. Importantly, the enriched Aurora B at misaligned
chromosomes led to increased phosphorylation of kinetochore substrates. Finally, we learned that
the enrichment of Aurora B at misaligned centromeres was dependent on the enzymatic activity of
Plk1 and on the activity of Aurora B itself. Overall, this led us to revise the spatial separation
model to include an additional layer of dynamic regulation of CPC levels, only present in healthy,
diploid cells.
While my work described in Chapters 2 and 3 of my thesis uncovered many crucial details
of centromere specification and kinetochore-microtubule attachment regulation, there exist many
logical follow-up questions and possible extensions that arise from the work. I detail these future
directions in the following sections.

4.2

Future Directions for Chapter 2

In addition to determining that the major form of the CENP-A particle is an octameric nucleosome,
we also confirmed that this CENP-A nucleosome has a greater tendency to unwrap its terminal
DNA than its canonical H3 counterpart. This raises two additional questions that require additional
experiments to address. The first question is what portion(s) of CENP-A is conferring this unwrapping ability on the nucleosome. The second question is what is the significance of this terminal DNA
unwrapping and how does it aid the CENP-A nucleosome in specifying the centromere? To address
the first question, we could make use of our convenient in vitro experiment to assay for DNA length
protected following MNase digestion. Simply making targeted recombinant mutants of CENP-A
and subjecting these to MNase digestion should allow us to determine which region of CENP-A is
responsible for imparting the unwrapping propensity. Determining this region of CENP-A that is
responsible for imparting the unwrapping propensity could help us address the second question of
the significance of the unwrapping. It is likely that the CENP-A nucleosome has a propensity to
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unwrap to expose certain surfaces on the nucleosome required for interaction with other proteins
(i.e. CENP-C or other CCAN proteins which form the basis of the kinetochore). Alternatively, the
unwrapping of the CENP-A nucleosomes could create a unique chromatin environment that allows
this region to withstand the force of tension across the centromere during mitosis. To test the importance of the unwrapping, endogenous CENP-A could be deleted in human tissue culture cells
and replaced with the mutant form that abrogates the unwrapping. Assaying for mitotic defects or
altered recruitment of kinetochore components in the cell lines harboring the mutant CENP-A will
demonstrate whether the wrapping is truly required for efficient kinetochore formation.
Since we used paired-end deep sequencing to determine the length of DNA wrapping CENP-A
nucleosomes, we were also able to determine the exact position and underlying DNA sequences for
CENP-A nucleosomes. As this was the first time CENP-A nucleosome positions were determined
in the context of the human genome, this presents us with an extremely unique opportunity to
determine the features of DNA that might be important for recruiting CENP-A and establishing
a functional centromere. There are a number of questions that we can now ask: 1) Do CENP-A
nucleosomes prefer different positions from those of conventional H3 nucleosomes? 2) Are there
motifs present at the neocentromeres that dictate the pattern of how CENP-A is organized? 3) Are
there certain sequence determinants that dictate where CENP-A nucleosomes sit? Since centromere
identity is thought to be DNA sequence independent, it would be extremely exciting if we found
that CENP-A nucleosomes prefer certain DNA sequences as this would mean that there might in
fact be an underlying DNA code that contributes to centromere identity. If we do find a code then
we could investigate whether both neocentromere DNA and α-satellite DNA abide by this code. Of
course, it is also likely that we could find that there are no particular sequences that dictate CENPA positioning (and as such CENP-A occupies similar positions as H3). In the case that we don’t
uncover any specific rules, this would still be extremely meaningful for the centromere community
because it would validate existing dogma in the field that the underlying DNA does not play a role
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in CENP-A recruitment.
We also uncovered that CENP-A nucleosomes are highly phased at α-satellite-containing centromeres. Our analysis on the Y chromosome which lacks CENP-B binding demonstrated that there
is a degree of CENP-B-independent phasing of nucleosomes. This led us to conclude that there is a
component of phasing that is dictated by CENP-B and another component that is dictated independently of CENP-B. To determine if this CENP-B-indpendent phasing is a feature of all centromeres,
and not just the centromere of the Y chromosome, we could repeat our sequencing reaction in cells in
which we depleted CENP-B and determine the CENP-A nucleosome positions. Additionally, we can
interrogate the role of CENP-B on phasing the CENP-A nucleosome in vitro by simply using MNase
to digest CENP-A nucleosomes that are reconstituted in the presence of CENP-B. Sequencing the
MNase-digested fragments will allow us to determine the effect of CENP-B on CENP-A positioning.

4.3

Future Directions for Chapter 3

The work presented in Chapter 3 identified that enrichment of Aurora B at misaligned centromeres
in healthy, diploid cells is dependent on the activity of Aurora B itself. Inhibiting Aurora B activity
prevented enrichment of the kinase at misaligned centromeres. This strongly suggests that there
is a positive feedback loop required in which Aurora B phosphorylates its downstream target(s)
which in turn acts to recruit additional CPC to the misaligned centromere. To try and uncover
this target(s), a candidate-based RNAi screen should be employed. Each candidate will be knocked
down and levels of Aurora B on misaligned centromeres can be quantified. If Aurora B levels are
reduced at misaligned chromosomes to levels seen in aneuploid cells, then it can be concluded that
the candidate is involved in the positive feedback loop. Among the short list of candidates are
members of the CPC themselves, including Aurora B. Others are the mitotic kinases Bub1, Mps1,
Plk1, and Bub1 which have been implicated in regulating CPC localization and activity. Finally,
the adapter proteins Sgo1 and Sgo2 could be involved. This feedback loop is likely disrupted in
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aneuploid cell lines that have been in culture for extended durations or as a result of mutations that
accumulate in patients prior to culturing. Determining the Aurora B downstream targets that are
involved in this positive feedback loop could provide us with the molecular details to help fight the
generation of aneuploidy.
Inhibition of Plk1 activity was also shown to prevent the enrichment of Aurora B at misaligned
chromosomes. Plk1 is another kinase that plays multiple roles in mitosis and it is important to
determine if it is the kinetochore-localized Plk1 activity that is necessary for enrichment of Aurora
B. To directly test this, we can make use of the fact that Plk1 localization is dependent upon
its interaction with phosphoproteins. A region on Plk1 known as the polo-box domain (PBD)
mediates its interaction with these phosphoproteins [285, 286]. Expressing the PBD in RPE cells
should displace Plk1 from the kinetochore and if kinetochore localization of Plk1 is necessary for
enrichment of Aurora B, then Aurora B levels should be similar to that of aligned centromeres.
Plk1 is thought to vacate the kinetochore upon proper alignment of chromosomes at the metaphase
plate. Therefore, artificial tethering of Plk1 to the kinetochore (as has been done in HeLa cells
previously [287]) is another approach to test if kinetochore-localized Plk1 activity is necessary for
enhanced Aurora B recruitment. Expressing a constitutively active Hec1-Plk1 fusion in RPE cells
would keep Plk1 activity high and levels of Aurora B would not drop upon establishment of proper
bipolar attachments.
Basal CPC recruitment to the inner centromere involves phosphorylation of H2A on T120 by
Bub1 kinase and phosphorylation of H3 on T3 by Haspin kinase. We found that phH3-T3 is not
enriched at misaligned chromsomes of RPE cells that have enriched Aurora B. However, phH2AT120 is heavily enriched on the centromeres of misaligned chromosomes in RPE cells. However, we
speculate that there are other potential post-translational modifications of the CPC-bound nucleosomes that might aid in enhanced Aurora B recruitment in diploid cells. To uncover these other
potential regulatory PTMs, we can compare the PTM status of CPC-nucleosome complexes isolated
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from diploid RPE cells and aneuploid HeLa cells using stable isotope labeling by amino acids in cell
culture (SILAC) coupled to mass spectrometry. The regulatory PTMs that are uncovered by the
SILAC experiment can be tested by mutating these phosphosites in the context of the cells to see if
they enhance or disrupt the enhanced Aurora B recruitment.
Precise localization of Aurora B between sister kinetochores is essential for its ability to properly
monitor kinetochore-microtubule attachments. For example, our lab has uncovered that subtle
mispositioning of Aurora B at a neocentromere cripples its ability to mediate error correction at
the neocentromere [53]. The current models in place for localization of Aurora B to centromeric
chromatin (phosphorylation of histones by Bub1 and Haspin) do not provide an adequate view of how
the precise targeting of Aurora B that is required is accomplished. Using a ChIP-seq-based approach
like we took in Chapter 2, we can define the precise localization of Aurora B. Our neocentromerecontaining cell lines that we used in Chapter 2 provide the perfect system to now map the exact
positions of Aurora B-bound nucleosomes at neocentromeres. From this sequencing analysis we
can define the pattern of Aurora B binding to the inner centromere. Based on previous cytological
analysis of Aurora B in a previous study from our lab, we estimate that Aurora B is associated
with several megabases of DNA in the region surrounding CENP-A [53]. As such, we do not believe
that Aurora B occupies every nucleosome along the several megabase stretch of DNA. Rather, we
predict that Aurora B should be bound in a discontinuous fashion and the pattern of how Aurora B
is bound along this stretch of nucleosomes will give us clues about the higher-order architecture of
the inner centromere. We could then focus on PTMs (gathered from the ENCODE database) that
are coincident with Aurora B localization to define other PTMs that might help in localization of
Aurora B. Additionally, we could identify PTMs that might help in determining the boundary of
where Aurora B binds. If we don’t find any PTMs that are coincident with Aurora B localization,
then we will conclude that it is likely that the important PTMs that help to recruit and define the
boundaries of Aurora B are placed after neocentromere formation. To determine the PTMs placed
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after neocentromere formation, we will have to ChIP and determine the localization of known PTMs
using ChIP-seq. Comparing the localization patterns of the newly-placed PTMs to the localization
of Aurora B at the neocentromere will give us insight as to which PTMs are important in dictacting
Aurora B localization. Overall, this sequencing-based experiment will give us an extremely thorough
understanding of how the CPC achieves its precise localization to the centromeric chromatin.
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Appendix A: Protocols for Chapter 2

A.1

Crosslinked-MNase ChIP

This protocol was adapted from the native-MNase ChIP protocol described in Chapter 2 of this
thesis, the Rockland ChIP assay protocol, and the Cell-Signaling ChIP Protocol (#9003).
Crosslinking and nuclei preparation
1. Grow 4x107 cells in 15 cm culture dishes until 90% confluent. For PDNC4 cells, this is around
20 15cm plates worth of cells.
2. Add fresh formaldehyde to a final concentration of 1% to each culture dish and swirl to mix.
Allow to incubate for 10 min at RT. Addition of formaldehyde might result in a change in
media color.
3. Add fresh glycine (10X stock: 1.375M) to a final 1X concentration. Swirl to mix. Allow to
incubate for 5 min at RT. Addition of glycine might result in a change in media color.
4. Aspirate media from plates and wash cells twice with ice cold 1X PBS.
5. Add 5 ml ice cold 1X PBS to each 15 cm dish and use a cell scraper to scrape the cells off of
the plate. Combine the cells from the plates into 50 ml tubes.
6. Centrifuge cells at 1,500 rpm in the bench top Eppendorf centrifuge for 5 min at 4◦ C.
7. Resuspend cell pellet in 2 ml of ice cold Buffer I.
8. Add 2 ml of ice cold Buffer II, mix gently and place on ice for 10 min. Check for appearance
of nuclei under light microscope by using trypan blue. Nuclei should take up trypan blue if
they are lysed. If cells are not lysed, then dounce 10 times.
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9. Layer the cell suspension slowly on top of 12 ml Buffer III in an SS34 centrifuge tube.
10. Centrifuge at 10,000g for 20 min at 4◦ C.
11. Nuclei will pellet at the bottom. Carefully remove the supernatant stepwise. Resuspend the
nuclei in 1 ml of Buffer A and transfer to a new tube.
MNase titration
1. Titrate the MNase (NEB) by taking 50 µl aliquots of nuclei per each concentration of MNase
to test. To each 50 µl aliquot, try a range of MNase concentrations (a good starting point is
3 conditions: 50U MNase, 100U MNase, 500U MNase).
2. Adjust each 50 µl aliquot to 5 mM CaCl2 .
3. Add MNase and incubate at 37◦ C for 10 min.
4. Add EGTA to 10 mM final concentration to quench reaction and place on ice.
5. Adjust final volume to 150 µl with ddH2O and add 6 µl 5M NaCl and 2 µl RNAse A (10
mg/ml stock). Vortex to mix and incubate samples at 37◦ C for 30 min.
6. Add 2 µl Proteinase K (stock 2.5 mg/ml). Vortex and incubate samples at 65◦ C for 2 hr.
7. Purify DNA using Qiagen PCR purification column.
8. Run a 1.5% agarose gel to determine the extent of MNase digestion. A nice ladder of mono, di-, and tri-nucleosomes which is enriched for mono-nucleosomes is ideal. The size of the
mono-nucleosomes should be around 150-160 base pairs. Choose the concentration of MNase
that produced the ideal ladder for large scale MNase digestion.
MNase digestion
1. To the remaining chromatin, adjust CaCl2 to 5 mM.
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2. Add MNase to the appropriate concentration as determined by titration. Incubate at 37◦ C for
10 min.
3. Add EGTA to 10 mM final concentration to quench reaction and place on ice.
4. Dilute in equal volume 2X Sonication Buffer
5. Sonicate chromatin using Bioruptor (4 min: 30 seconds ON, 30 seconds OFF, High Power).
Make sure Bioruptor has chiller to keep water at 4◦ C or refresh ice after 2 cycles to maintain
temperature at 4◦ C. Check nuclei under light microscope to ensure complete lysis of nuclei.
6. Centrifuge at 10,000 rpm in microfuge for 10 min at 4◦ C.
7. Transfer supernatant to a new tube. This is the crosslinked chromatin preparation. Can
snap-freeze at this point and store at -80◦ C if appropriate.
Chromatin immunoprecipitation
1. Wash Protein G beads (GE healthcare) twice with TE (supplemented with PMSF and PI).
Wash once with 1X Sonication Buffer.
2. Pre-clear the chromatin. Add 25 µl of 50% Protein G slurry and rotate at 4◦ C for 20 min.
3. Spin down at 1500 rpm for 3 min and transfer supernatant to a new tube. Discard beads.
4. Save 2% of the supernatant for further processing (this will serve as the input for qPCR quantification of fold-enrichment or for downstream sequencing). Dilute to 150 µl in 1X Sonication
Buffer and store at -20◦ C.
5. Add antibody to the pre-cleared chromatin. For CENP-A IP, use chromatin from at least
2-3x107 cells along with 10 µg of antibody. For H3 modifications, use chromatin from 5x106
cells along with 5-10 µg antibody. Rotate overnight at 4◦ C.
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6. Following day: add 50 µl 50% Protein G slurry to recover immunocomplexes. Rotate for 3
hours at 4◦ C.
7. Spin 1500 rpm for 5 min at 4◦ C.
8. Remove supernatant.
9. Wash the beads 3x with 1 ml 1X Sonication Buffer. Rotate each time for 5 min at 4◦ C. Spin
1500 rpm for 5 min at 4◦ C.
10. Wash once with 1X Sonication Buffer (minus Tween and Triton). Rotate for 5 min at 4◦ C.
Spin 1500 rpm for 5 min at 4◦ C.
11. Remove supernatant. Beads may be stored at -80◦ C at this point or proceed to DNA recovery.
DNA Recovery
Input Sample:
1. Add same volume (150 µl) of Proteinase K stop mix (20 mM Tris pH 7.5, 0.6M NaCl, 20 mM
EDTA, 1% SDS, 100 µg/ml Proteinase K)
2. Incubate for 3 hrs at 65◦ C.
3. Add 1 µl RNAse A (stock: 10 mg/ml).
4. Incubate for 1 hr at 65◦ C.
5. Proceed to phenol-chloroform extraction.
ChIP Sample:
1. To the beads, add 300 µl TE, 0.5% high purity SDS, 500 µg/ml Proteinase K.
2. Incubate for 4 hrs at 65◦ C.
3. Proceed to phenol-chloroform extraction.
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Phenol-chloroform extraction
1. Add 300 µl Phenol/chloroform/isoamyl alcohol. Vortex well and spin at 12,000 rpm for 10
min at RT.
2. Carefully recover as much of the aqueous layer as possible without disturbing the interface
(should be around 260-280 µl).
3. Purify input and ChIP samples using Qiagen MinElute Purification columns. The pH of the
samples will not be optimal for binding to the columns so adjust with sodium acetate as
recommended by the MinElute Purification handbook. Elute in 15 µl ddH2O.
4. DNA samples are ready to be quality-checked at this stage.
Bioanalyzer submission
The Penn DNA sequencing core facility runs the 2100 Bioanalyzer for users. There are two types of
chips they can run. The DNA 1000 kit is not as sensitive and can measure DNA between 25-1000 bp
and can be used for samples between 0.5-50 ng/µl. The High Sensitivity kit can be used for samples
between 50-7000 bp and as low as 5 pg/µl. For best results, samples should be in ddH2O. Contact
sequencing facility for details on how to submit samples. Take nanodrop reading of Input DNA and
dilute to 2 ng/µl in ddH2O. Do not dilute ChIP samples.
Buffers
Buffer I
 0.32 M Sucrose
 15 mM Tris pH 7.5
 15 mM NaCl
 60 mM KCl
 5 mm MgCl2
 0.1 mM EGTA
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 0.5 mM DTT (Add fresh prior to using)
 0.1 mM PMSF (Add fresh before prior to using)
 1:1000 protease inhibitor cocktail (Add fresh prior to using)

Buffer II
 0.32 M Sucrose
 15 mM Tris pH 7.5
 15 mM NaCl
 60 mM KCl
 5 mm MgCl2
 0.1 mM EGTA
 0.2% IGEPAL
 0.5 mM DTT (Add fresh prior to using)
 0.1 mM PMSF (Add fresh prior to using)
 1:1000 protease inhibitor cocktail (Add fresh prior to using)

Buffer III
 1.2 M Sucrose
 15 mM Tris pH 7.5
 15 mM NaCl
 60 mM KCl
 5 mm MgCl2
 0.1 mM EGTA
 0.5 mM DTT (Add fresh prior to using)
 0.1 mM PMSF (Add fresh prior to using)
 1:1000 protease inhibitor cocktail (Add fresh prior to using)

Buffer A
 0.34M sucrose
 15 mM Hepes pH7.4
 15 mM NaCl
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 60 mM KCl
 4 mM MgCl2
 0.1 mM PMSF (Add fresh prior to using)
 1:1000 protease inhibitor stock (Add fresh prior to using)

2X Sonication Buffer
 90 mM Hepes pH 7.9
 500 mM NaCl
 10 mM EDTA
 1% Triton X 100
 0.2% Tween
 0.1 mM PMSF (Add fresh prior to using)
 1:1000 protease inhibitor stock (Add fresh prior to using)

A.2

Illumina Library Preparation

It is possible to start with as little as 2 ng of DNA, but the optimal starting point is 25 ng of DNA.
End repair DNA
 30 µl DNA (ChIP or Input, 25 ng)
 10 µl H2O
 5 µl 10X T4 DNA ligase buffer with 10 mM ATP
 2 µl 10 mM dNTP
 1 µl Klenow DNA polymerase 1 U/µl (Diluted from 5U/µl)
 1 µl T4 DNA polymerase 3 U/µl
 1 µl T4 PNK 10 U/µl
 Total volume = 50 µl

Incubate in PCR machine for 30 min at 20◦ C. Purify with Qiagen PCR purification kit and elute
in 34 µl buffer EB.
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A-tailing
 34 µl DNA sample
 5 µl 10X NEB buffer 2
 10 µl 1 mM dATP
 1 µl Klenow exonuclease (3-5 exo)
 Total volume = 50 µl

Incubate in PCR machine for 30 min at 37◦ C. Purify with Qiagen PCR purification kit and elute
in 34 µl buffer EB.
Adapter ligation
Use adapters from Illumina TruSeq DNA sample prep kit. There are 12 different indexes which
allow samples to multiplexed so they can be run in the same lane during the sequencing reaction.
Use adapters at 1:100 dilution (or determine this empirically by titration).
 13 µl DNA
 15 µl 2X T4 DNA ligase buffer
 1 µl of Indexed Illumina TruSeq adapter (diluted 1:100)
 1 µl Quick T4 DNA ligase
 Total volume = 30 µl

Incubate in PCR machine for 15 min at 25◦ C. Purify with MinElute PCR purification kit and elute
in 15 ul.
Size selection
 Use 2% agarose gel (SeaPlaque agarose, low melting temperature) in TAE with SyBr Green

or SyBr Gold for detection (not EtBr). Load samples but make sure not to load samples in
lanes adjacent to each other (to prevent contamination). Use 100 bp ladder as marker. Run
100V for 60 min.
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 Adapters add ∼125 base pairs to the DNA. View on dark reader and take gel slices around the

size desired (note: if using 25 ng starting material then DNA will not be visible). For example,
if mononucleosomes are preferred: take 250-400bp.
 Purify using Qiagen Gel Extraction Kit. However, do not incubate at 56◦ C to melt the gel,

rather melt at RT. Elute in 36 µl.
PCR amplification
 36 µl size-selected DNA
 10 µl 5X Phusion buffer
 1.5 µl 10 mM dNTPs
 2 µl Illumina Forward/Reverse Primer Cocktail (From TruSeq kit)
 0.5 µl 2U/ul Phusion polymerase
 Total volume = 50 µl

PCR program (12 cycles):
Initial Denaturation 98◦ C 30 s
12 cycles
Denaturation 98◦ C 10 s
Annealing 65◦ C 30 s
Extension 72◦ C 30 s

Hold at 10◦ C and take 5 ul and run on a 1.5% agarose gel (120 V, 15 min). If there is a product, do
a final extension 72◦ C for 5 min. Otherwise go to next program to allow reaction to go for 3 more
cycles. The point of this is to minimize the number of cycles required to eliminate bias introduced
by PCR.
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PCR program (3 cycles):

3 cycles
Denaturation 98◦ C 10s
Annealing 65◦ C 30s
Extension 72◦ C 10s

Hold at 10◦ C and take 5 µl and run on a 1.5% agarose gel as before. If there is a product, do a final
extension 72◦ C for 5 min.
Purify using the MinElute pacification kit and elute in 20 µl ddH2O. Check library on Bioanalyzer
and if it looks good then this is ready to be sequenced. Consult with the sequencing facility on best
way to submit samples.
Reagents required for this protocol:
End Repair:
 T4 PNK M0201S 500 U
 T4 DNA polymerase M0203 150 U
 DNA polymerase I Klenow Fragment M0210S 200 U

A-tailing:
 Klenow Fragment (3-5 exonuclease) M0212S 200 U

Adapter Ligation:
 Quick ligation kit M2200S
 Illumina TruSeq adapters (from FC-121-2001)
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Size Selection:
 Seaplaque Agarose: Lonza 50111

PCR Amplification:
 Phusion HF polymerase M0530S 100 U
 Illumina primers (from FC-121-2001)

A.3

Real-time Quantitative PCR

 Real-time qPCR can be used to determine the fold-enrichment of the ChIP sample compared

to the Input sample as follows.
 DNA can be used directly after ChIP and DNA recovery or after library preparation. DNA

quantity is limited after ChIP and prior to amplification so it is advised to wait until after
library preparation to do the real-time PCR.
 For each primer pair, a standard curve should be generated by doing serial dilutions of template

DNA. From the standard curve, the efficiency of the primers can be calculated. Most qPCR
software are equipped with the capability to automatically determine primer pair efficiency if
running standard curve samples.
 Use 3 replicates for each primer/DNA combination. Use 2 ng of DNA per reaction. Forward

and reverse primers are pre-mixed at 25 uM. Run reactions as soon as possible after setting
them up.
Reaction mixture
 5 µl 2X SyBr Green Jumpstart Taq Readymix
 0.4 µl Primer mix
 4.6 µl 2 ng template DNA
 Total volume = 10 µl
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PCR Program
Initial Denaturation 94◦ C 2 min
40 cycles
Denaturation 94◦ C 15 s
Annealing 58◦ C 20 s
Extension 72◦ C 1 min
Final Extension 72◦ C 5 min
(Optional) Hold 4◦ C
Analysis
CT = cycle at which fluorescence is above the threshold (threshold set by qPCR software)
∆CT = CT ; input - CT ; ChIP
X = primer efficiency (as described above)
Fold-enrichment = X∆CT

Primers to use:
α-satellite 1:
Forward: CTA GAC AGA AGA ATT CTC AG
Reverse: CTG AAA TCT CCA CTT GC
α-satellite 2:
Forward: TTT CGT TGG AAA CGG GA
Reverse: CGT GCT CTG TGA AAG GGA AT
Pericentric:
Forward: ATC GAA TGG AAA TGA AAG GAG TCA
Reverse: GAC CAT TGG ATG ATT GCA GTC A
Aldo:
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Forward: TCC TGG CAA GAT AAG GAG TTG AC
Reverse: ACA CAC GAT AGC CCT AGC AGT TC
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Appendix B: Protocols for Chapter 3

B.1

Cell Fusions

1. Co-seed 2x105 HeLa cells stably expressing HA-tagged CENP-A and 2 x 105 RPE cells stably
expressing YFP-tagged CENP-A or GFP-tagged Aurora B on poly-lysine coated coverslips
22-26 hours prior to fusion. The density of the cells was determined empirically (and will
likely be different for other cell lines) and seeding too many cells can create situations where
more than two cells are fused together.
2. Immediately prior to fusing cells, wash the coverslips 2-3 times with pre-warmed PBS.
3. Place 100 µl drop of pre-warmed 50% PEG-1500 (Roche) on a sheet of parafilm that is placed
on the cover of a large 15cm culture dish. Invert the coverslip on the drop and let it sit for
exactly 30 seconds.
4. Add 500 µL of pre-warmed PBS to the edge of the coverslip to relieve surface tension.
5. Pick up the coverslip and wash 3x in PBS by gently dipping the coverslip in a beaker filled
with pre-warmed PBS.
6. Place coverslip in pre-warmed media and incubate fused cell at 37◦ C for 6 hours to allow cells
to recover.
7. To arrest cells with monopolar spindles, incubate in 100 µM monastrol for 2 hours.
8. Very gently aspirate medium and wash 3x with pre-warmed PBS (be extremely gentle during
these steps as the fused mitotic cells are very prone to lifting off the coverslips).
9. Incubate in 10 µM MG132 for 45 min to allow cells to achieve a bipolar metaphase plate with
some chromosomes that have failed to align properly.
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10. Fix and process for immunofluorescence.

B.2

Counting Chromosomes in Cell Lines

This protocol will work for any cell line and is written for adherent cell lines but it can easily be
adapted to cell lines grown in suspension.

1. Plate cells on coverslips and conduct immunofluorescence staining for a constitutive centromere
marker (CENP-C is a great choice since it has extremely minimal background) and also DAPI
for DNA.
2. Image mitotic cells using 0.2 µm steps making sure to capture the entire cell during acquisition
(so as to not exclude any chromosomes).
3. Deconvolve images using standard deconvolution parameters (blind deconvolution, rescaling
to 16-bit image) in Leica software.
4. Make a maximum projection of each of the images and count the number of centromeres per
cell. If centromere dots do not appear distinct on the maximum projection (which happens
extremely infrequently), look through the z-stacks to determine if the centromere dot is unique
to one centromere or if it originated from more than one centromere. Number of chromosomes
= (number of centromeres)/2.

B.3

Phospho-histone Staining

1. Start with a 10 cm plate of cells 80-85% confluent. Add monastrol to 100 µM and incubate
for 2 hours. Gently aspirate and wash 3x with PBS. Replace with media containing 10 µM
MG132 for 20 min.
2. Mitotic cells should look rounded up. Use mitotic shake off to dislodge mitotic cells by tapping
the plate with your hand.
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3. Pellet the cells at 1500 rpm for 5 min at RT in Eppendorf centrifuge.
4. Resuspend cells in 2 ml hypotonic solution (20% DMEM/80% distilled water, 100 nM okadaic
acid) for 15 min. During hypotonic incubation, count cells. Dilute to 5x104 cells using hypotonic solution.
5. Add 250 µl to each cytofunnel.
6. Spin for 5 min at 600 rpm (high acceleration) in cytospin (Thermo electron Corporation).
7. Fix using 100 µl 2% formaldehyde/PBS for 10 min.
8. Permeabilize using 0.2% TritonX-100/PBS for 10 min.
9. Wash 2x with PBS.
10. Incubate in IF block for 20 min.
11. Incubate in primary antibody diluted in IF block for 1 hr at RT.
12. Wash 3x in PBS for 10 min.
13. Incubate in secondary antibody diluted in IF block for 1 hr at RT.
14. Wash 3x in PBS for 10 min.
15. Incubate in DAPI solution (1:10000) in PBS for 5 min.
16. Wash 3x in PBS for 10 min.
17. Add 7.5 µl vectashield and mount with flamed/cooled 18 mm coverslip. Dry 15-45 min. Dot
corners with clear nail polish. Dry for 10 min. Seal outer perimeter with nail polish, dry for
10 min. Store in dark at 4◦ C.
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B.4

Immunofluorescence in Mitotic Cells

Cells that are undergoing mitosis are rounded up on the coverslip so minor agitation of those cells can
cause them to be dislodged from the coverslip. This immunofluorescence after monastrol washout
protocol is intended to retain as many mitotics as possible throughout the process. The mitotic cells
are generally lost during the washout process, so be most gentle during those steps.
1. Plate cells on 22 x 22 mm glass coverslips overnight in a 6-well dish using 2 ml of media per
coverslip. Make sure cells are no more than 75-80% confluent on the day of the experiment
because if cells are too confluent, they begin to detach in sheets.
2. Aspirate media and replace with fresh pre-warmed media containing 100 µM monastrol. Incubate for 2 hours.
3. Very gently aspirate media. Use a P2 tip on top of the aspirator and use very slow motions to
ensure that you do not agitate the cells during the aspiration. Gently wash with pre-warmed
PBS. Make sure the pipetteman is set to the slowest speed and dispense the PBS slowly. Do
not add the PBS directly on top of the coverslip, rather touch the tip of the pipette to the
wall of 6-well dish while dispensing in an effort to create as little agitation as possible.
4. Repeat PBS washes 2 more times and then replace with media containing 10 µM MG132 for
30 min (the duration of time for incubation in MG132 depends on the cell line and should be
determined empirically).
5. Gently remove the coverslip using needle-tip tweezers and place it face up (cells side up) in a
square weight boat (about 30 mm wide) that is filled with 4% formaldehyde in PBS. Fix cells
for 10 min.
6. While fixing cells, assemble a humidified chamber by placing a round piece of filter paper that
has been pre-wet (with water) in a 15cm tissue culture dish. Place a square piece of parafilm
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on top of the filter paper.
7. Remove cover slips from formaldehyde and place face up on parafilm in the chamber. Add
150 µl 0.5% Triton in PBS to permeabilize cells for 5 min. All subsequent wash steps and
incubation steps should be with 150 ul of the solution.
8. Gently aspirate using a P2 tip on an aspirator by touching the aspirator to the corner of the
coverslip. All aspiration steps from here on should be conducted in this fashion.
9. Wash 3x using PBS + 0.1% Tween.
10. Incubate in the presence of IF block for 20 min.
11. Incubate in primary antibody solution diluted in IF block for 1 hr at RT.
12. Wash 3x using PBS + 0.1% Tween.
13. Incubate in secondary antibody diluted in IF block for 20 min at RT.
14. Wash 3x using PBS + 0.1% Tween.
15. Incubate in DAPI solution (1:10,000 in PBS + 0.1% Tween) for 5 min.
16. Wash 1x with PBS + 0.1% Tween, 1x with PBS, 1x with ddH2O.
17. Add 15 µl vectashield on a glass slide. Carefully pick up the coverslip and dry the edges using
a kimwipe. Make sure the edges are as dry as possible. Residual buffer will not allow for a
good seal with the nail polish. Place the coverslip cells down on to the drop of vectashield
taking care to not introduce any bubbles in the vectashield. Allow to dry for 15-30 min. Dot
corners with clear nail polish. Dry for 10 min. Seal outer perimeter with nail polish, dry for
10 min. Store in dark at 4◦ C.
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B.5

Live-cell Imaging

All of the live-cell imaging was done on the microscope housed in Mike Lampsons laboratory: Leica
DM4000 microscope equipped with a spinning disk confocal and an LMM5 laser merge module.
The microscope was controlled using the MetaMorph software. In all cases, imaging was done using
an RPE cell line stably expressing GFP-tagged Aurora B and images were acquired using a 100x
1.4 NA objective. Prior to beginning, make sure the environmental chamber is set to maintain the
temperature inside the microscope chamber at 37 ◦ C. Also, set up Kohler illumination to maximize
resolution and contrast for DIC images.
Imaging parameters: Bypass mode/no emission filter using the 488 nm laser and the 488/593
dichroic filter

1. Plate cells the night before on poly-lysine-coated 22 x 22 mm 1.5 glass coverslips and ensure
that cells are approximately 75-80% confluent at time of imaging.
2. Prior to imaging, aspirate media and replace with L-15 media without phenol-red (Invitrogen)
+ 10% FBS in the presence of the appropriate drug. For monastrol washout experiment, use
100 µM monastrol for 2 hours. For nocodazole addition experiment, use 10 µM MG132 for 1
hour.
3. Mount coverslips in custom rose chambers making sure to use a round 12 mm coverslip (as
opposed to a square coverslip) on the top of the chamber to allow for drug washout on the
microscope stage.
4. Set MetaMorph software in the time-lapse mode that is also capable of tracking multiple cells
at once by remembering the x-y-z coordinates of each of the cells the user identifies.
5. Place rose chamber on the stage and find 3-5 cells of interest by scanning around in the DIC
channel. Use MetaMorph to set the positions of these cells.
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6. Capture an initial z-stack (9 z-frames, 1 µM step size) for each of the cells, using two different
channels: DIC and 488 nm. Set 488 nm exposure to 200 ms.
7. On the microscope stage, remove the round coverslip and very gently aspirate the media from
the rose chamber. Move as quickly as possible during this and subsequent steps during the
drug washout process. However, do not move too quickly that you move the rose chamber or
wash off the cells. It is extremely common at first to lose all the cells of interest during the
washout process if not careful or if not very gentle. With sufficient practice, it will become
much easier to keep the cells on the coverslip.
8. Wash cells one time with L-15 medium + 10% FBS.
9. Gently aspirate and replace medium with L-15 medium + 10% FBS + drug of choice. For
monastrol washout experiment, use 10 µM MG132. For nocodazole addition experiment use
1 µg/ml nocodazole.
10. Immediately initiate the time lapse acquisition (set it to acquire images in both channels, for
9 different z-slices, every 60 seconds for each cell).
11. Throughout the imaging, the cells will move in both the x-y direction and drift in the z
direction. As such, throughout the acquisition, load the images in 4D image viewer in ImageJ
to make sure that the cells are not moving in either the x, y, or z direction. If the cells
have moved, pause the time-lapse acquision, select the cell that has moved and adjust the
coordinates of the position of the cell and re-save. This part can be very challenging at first
to master. As such, try to master this doing only one cell at a time. Once comfortable doing
a single cell, then consider doing multiple cells at once.
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B.6

Quantification of Images

For quantification of immunofluorescence images, extreme care must be taken to ensure that everything is conducted identically between coverslips: immunofluorescence conditions, imaging conditions and so forth. It is imperative to have multiple coverslips for each condition for quantification.

1. After images are acquired, series of z-stack images are deconvolved in Leica using Blind deconvolution method while ensuring to resize image depth to 16-bit.
2. Export deconvolved z-stacks as .tif files. Make sure that image contrast has not been adjusted
in Leica prior to export.
3. Images are imported into ImageJ software as a sequence (using the option sequence import
option in ImageJ).
4. Set an appropriate inclusive and exclusive threshold to visualize the data. Make sure to apply
this same exact threshold to all the images that will be quantified in the given dataset.
5. When choosing which foci to include in the quantification, use other channels or other observers
to randomize whenever possible to eliminate bias. For example, if quantifying Aurora B levels,
use the centromere markers (making sure not to also visualize Aurora B foci concurrently) in
another channel as a method to pick aligned Aurora B foci to quantify. In the case of Aurora
B levels at misaligned versus aligned centromeres, quantify Aurora B foci at 5 random aligned
centromeres and all misaligned centromeres. For measuring levels of kinetochore proteins,
select foci that co-localize with a known kinetochore-marker to ensure that the signal being
measured is truly kinetochore-localized.
6. Once foci to be quantified have been selected in an unbiased fashion, draw a tight region of
interest (ROI) around the focus to be measured and use the measure tool in ImageJ to display
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the area and average intensity of the focus. The focus will be present in multiple z-planes so
this measurement must be made in all z-planes that encompass the focus.
7. Calculate the intensity due to background fluorescence by drawing 3-5 ROIs in regions of the
cell that should not contain signal and measuring the average intensity of these ROIs.
8. An approximate volume of the focus is calculated by summing all of the integrated densities
(area x (average intensity-background intensity)) of ROIs across all the z-stacks that encompass
the focus. This is the measurement that is reported in the quantifications.
9. Measurements are repeated for all of the pre-determined random foci per each given cell.
Determining how many foci and cells to quantify will be dictated by the type of experiment
that is being conducted. For the aligned versus misaligned protein level quantifications, 10-20
cells per condition were imaged and quantified.
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